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ABSTRACT

This research program consisted of a systematic study of the
utility of pyrolytic graphite for service in uncooled nozzles for solid
propellant rocket motors. In an effort to improve the usefulness of
pyrolytic graphite, studies were carried out in three areas. First, the
effect of the deposition process conditions on the nature of the pyrolytic
graphite coating formed was investigated. The pyrolytic graphite was
characterized by density measurements, X~-ray diffraction analysis, and micro-
structure examination. The deposition process was found sensitive to carbon-
aceous source gas concentration and local gas flow conditions #ith a lesser
effect of temperature above about 1900°C. Little effect of the type of
source gas was noted. Below about 1900°C the deposits became increasingly
coarse with decreased temperature., Of several substrate surface preparations
and pretreatments only a resin precoat seemed to hold promise of improving

the microstructure of lowar temperature coatings.

The second area of study was mechanical design analysis to assure
that good design practice was utilized. The basic stress-strain relationships
were derived for an anisotropic material such as pyrolytic graphite, The
shear stresses in a coated system were also examined. The segmented nozzle
design utilized throughout the successful motor firing studies was found to

meet the requirements of good design.

The third major area of study consisted of the experimental measure-
ment in sub-scale rocket nozzle tests of the inherent erosion rate of a standard
(2000°C) pyrolytic graphite under a variety of motor operating conditions. Tests
were made with propellants having flame temperatures from 5600°F to 6500°F and
a range of oxidation ratios. For a given propellant the erosion rate was a
function of the motor operating pressure. Over the range studied, propellant
flame temperature was fouﬂd more significant than oxidation ratio in determining
the erosion rate. The performance of pyrolytic graphite coatings were excellent
in all propellants at all motor pressures. Scale up from one-half inch test
nozzles to a one -inch diameter nozzle was successfully accomplished and proved
in full duration, high pressure motor test. A two inch nozzle was designed

and successfully fabricated prior to expiration of the contract funds,
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FOREWORD

‘the research described in this report was sponsored by the U, S,
Army under Contract DA-36-034-O0RD-3279(Z). This contract was administered
by the Ordnance Materials Research Office, Watertown Arsenal, Watertown,
Massachusetts. Technical direction was provided by Mr. Charles H. Martens
of the Propulsion Laboratory, Army Missile Command, Redstone Arsenal, Alabama.
The work was carried out at the Atlantic Research Corporation principal
laboratories, Alexandria, Virginia under the supervision of Mr. E. L. Olcott,
Director of the Materials Division. The project director at Atlantic Research
was Dr., James D. Batchelor with the able support of Messrs. E. F. Ford,
S. W. McCormick, R. A. Davis, S. W. Miller, and R. K. White, The experimental

work was performed over the period from June 1, 1960 through December 31, 1962.
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I. INTRODUCTION

As rocket technology advances, the requirements for materials
become more stringent. In solid-propellant rocket motors, uncooled hot
parts are needed to maintain the inherent simplicity of the design., In the
nozzle area the service conditions are extremely severe, High heat flux
is combined with high erosion forces at the throat of the nozzle. Yet the
maxiuum dimensional stability is required in this area to maintain the

ballistic design performance of the motor.

Recent improvements in performance of solid propellants have been
accompanied by increasingly severe operating conditions for rocket motor
nozzles. High performance solid propellant formulations very often have flame
temperatures of 6000°F or higher. Propellant flame temperatures of 6500-6600°F
are not uncommon. These very high flame temperatures are accompanied in many
cases by oxidation ratios substantially above unity, which leads to substantial
quantities of such oxidizers as carbon dioxide and water vapor in the combustion

products.

The effect of these severe environmental factors in solid propellant
motors has resulted in the elimination of many refractory materials as candidates
for nozzle service. A special form of carbon, produced by vapor deposition at
high temperature and known generally as pyrolytic graphite, has certain inherent
properties which immediately suggest merit as an uncooled nozzle for advanced
solid-propellant rocket motors. The high sublimation temperature of carbon is
vell known. The strength of commercial graphite increases with temperature and
at 4500°F is the highest of any known material. Graphite is extremely stable
at high temperatures, being moderately sensitive only to oxidation. Pyrolytic
graphite shares all of these desirable properties with other forms of graphite,
In addition, this vapor-deposited form of graphite offers very high purity,
extremely low porosity (high density), and highly oriented crystalline structure,
Because of these desirable properties, pyrolytic graphite is an excellent candidate

for rocket nozzle service.
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The orientation of the crystallites in a pyrolytic graphite coating
is such that the layer planes in the structure lie parallel to the substrate
surface. Highly anisotropic thermal and mechanical properties result from
this oriented structure, Pyrolytic graphite is an excellent conductor of
heat along its surface and at the same time is a good insulator across its
thickness. This combination of thermal properties can be advantageous in a
rocket nozzle application, but the anisotropic mechanical propertieb that
also exist can cause problems. The thermal expansion coefficients of
pyrolytic graphite are large across its layer planes but very low along the
layer plane. Since these expansion coefficients are not matched by commercial
graphites usually used as substrates, stresses produced in the manufacture
of pyrolytic graphite and stresses produced in service can cause fracture

problems which must be overcome.

In the past, failures have been experienced in hasty applications of
pyrolytic graphite in rocket nozzles; only a balanced study, in which the
limitations as well as the desirable properties of pyrolytic graphite were a
careful research program was required to determine the utility of pyrolytic
graphite as a practical nozzle material. This report documents such a
program in which the excellent performance capabilities of pyrolytic graphite
were demonstrated in nozzle tests under severe motor operating conditions

with nozzle throat diameters up to one inch,
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I1., S<COPE OF PROGRAM

The purpose of this progr am, as indicated by the title, was to study
means to improve the usefulness of ypyrolytic graphite for practical applications
under critical service conditions i m solid-propellant rocket motors. The acope of
our program included the experiment_al study of the deposition process, analytical
and experimental study of the mechmmical design of pyrolytic graphite nozzles,
the evaluation of pyrolytic graphit-e in rocket motor test firings, and the

correlation of performance with thoe se factors which determine it.

Although the desirability~ of several of the known properties of
pyrolytic graphite was known, the e=ffect of the deposition process conditions
on those properties important for ss erviceability in a rocket nozzle was not
well understood. The first phase o» f this program, therefore, involved the
characterization of pyrolytic graplm ite deposited under a variety of conditions.
In the first annual report on this program, the relation between the deposition
process conditions and a number of characterization parameters was reported
in some detail. It was found that a reasonably fine-grained pyrolytic griphite
could be formed reproducibly from am methane-argon source gas mixture with a
substrate temperature of 2000°C. Mhe coatings formed under these conditions
appeared to be of good quality and were selected for initial rocket motor

nozzle tests.

Although several areas off interest were apparent for further study,
two decisions affecting the princip>al emphasis of this program were made near
the beginning of the second year's effort in discussions with the Ordnance
Materials Research Office sponsors. First, it was agreed that a major emphasis
would be placed on the preparation and test firing of sub-scale nozzles with
pyrolytic graphite coatings. Work on the study of deposition process conditions
and on mechanical design and stresss analysis were to be pursued as a direct
adjunct to the nozzle test program to improve reliability in the motor firings.
The second decision was that the pmrincipal interest lay in the reliable measure-
ment of the serviceability in nozzles of a good, standard grade of pyrolytic
graphite. Quantitative performancee data for this standard pyrolytic graphite
under a variety of motor operating conditions, using a variety of typical
propellants, were felt to be more —important than the final optimization of the
quality of the pyrolytic graphite «leposit. Again, mechanical design analyses
were considered desirable primarily to make certain that the performance data
vere not compromised by poor or inamdequate design. A corollary benefit could

-3 -
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be anticipated in terms of background information useful in the scaling-up

of nozzle designs from sub-scale to full-scale applications. The deposition
process studies were oriented toward the discovery of substantially simpler
or more effective processes for the preparation of pyrolytic graphite, rather
than towards detailed or marginal improvements on the standard pyrolytic
graphite grade.

Consistent with these decisions on the emphasis to be placed on
different areas of rasearch the program was carried out as follows. The first
year was spent largely on a study of the deposition prccess and characterization
of the pyrolytic graphite coatings produced under various process conditions,
Preliminary motor testing and mechanical design analysis were initiated. During
the next fifteen months major emphasis was placed on the preparation and motor
testing of nozzles of nominal one~half inch diameter coated with a standard
(2000°C) grade of pyrolytic graphite, Support work was carried out consisting
of stress analyses for coatings and deposition studies aimed at simpler or
more effective coating techniques. The final four months of the program
was spent in scaling up motor tests to include firings with one inch diameter

nozzles and preparation for two-inch nozzle tests.
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III. DEFINITION OF TERMS

Graphite is a common term that is often used inaccurately. The
term graphite has been applied at one time or another to almost every carbonaceous
material which has been heat-treated at a high temperature. In the interest of
clarity, more precise definitions are offered here for three terms which will
be used repeatedly in this report. Although these definitions may not be
the only acceptable ones, their statement here should improve the clarity
of this report.

Graphite: An allotropic crystalline form of carbon. Used in this
senge, the term graphite refers specifically to an ideal crystal structure:
a stacked, hexagonal layer plane structure with 1.42 X between carbon atoms
forming regular hexagons in the layers and with a stacking distance of 3.354
; between adjacent layer planes. Further, a complete three-dimensional order
exists with an a-b-a arrangement of layer planes, i.e., the carbon atoms in
alternate layer planes lie one above the other, while in intermediate layer
planes a carbon atom lies over the center of the hexagon below it. The bonding
in the layer planes (the a-direction) is by valence bonds, while the cross-
layer bonding (the c-direction) is much weaker (largely Van der Walls type).

The anisotropy of the properties of such a structure can be anticipated.

Commercial Graphite: A compact consisting of ground coke particles
with a carbonized pitch binder. This term is perhaps the most difficult to
define because it is applied to the greatest variety of materials. The degree
of graphitization, i.e., the amount of carbon which has been converted to a
highly structured form approaching the true graphite crystal, is established by
the complete history of all ingredients in the material. Other things equal,
the higher the baking temperature the further advanced is the graphitization,
The anisotropy of a commercial graphite is determined both by the graphitizing
thermal treatment which it has received and by the mechanical compaction it
undergoes. Molded commercial graphite has some preferred orientation of the
layer planes (a-axis) perpendicular to the pressing direction; extruded
commercial graphite has some preferred orientation of the a~axis parallel
to the extrusion axis. In general, the orientation of the particles and the
resulting anisotropy of thermal and mechanical properties is not pronounced
in commercial graphite, Current work on special hot-worked high-density grades
of commercial graphite has produced higher than usual degrees of anisotropy.

-5 a
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Since the nature of a commercial graphite is determined by such a variety

of factors--the source and nature of the granular coke, the source and nature
of the binder pitch, the method and pressure of compaction, and the thermal
treatment of the compact--the term must, at best, remain rather broad.

Pyrolytic Graphite: A form of carbon prepared by vapor deposition
on a hot substrate and having ahigh degree of crystalline orientation. Since
this material is built up on a hot surface,essentially atom by atom from a
carbonaceous -source gas, the orientation of the graphite layer planes is
parallel to the substrate surface. In general, no orderly relation exists
among the parallel stack of layer planes to yield a third-dimensional order.
This so-called 'turbostratic" structure, which is accompanied by a layer-stacking
distance enlarged to about 3.44 X, produces a marked degree of anisotropy in
thermal and mechanical properties. Other characteristics of pyrolytic graphite
include high purity and high density, approaching true density (zero porosity).
The anisotropy, density, and purity will vary, of course, with the deposition
conditions, but each is characteristically high. By analogy, pyrolytic graphite
corresponds to a crystalline body solidified from a melt, while commercial

graphite corresponds to a pressed and sintered, or briquetted body.
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1V. LABORATORY STUDIES

A. DEPOSITION TECHNIQUE

Pyrolytic graphite is deposited by passing a carbonaceous source
gas over a hot substrate, Substrate temperatures in the range of 1600°C
to 2400°C are generally required. In the work reported herein, heating of
the substrate was accomplished by placing the substrate tube along the axis
of a 4-inch diameter resistance-heated tube furnace (Pereny Equipment Company,
Model C412). This furnace, which has a 4~-foot heated length, can maintain
controlled temperatures from 1300°C to 3000°C using a magnetic amplifier-
saturable reactor control system. The sensing element is a radiometer which
is focused on the outer surface of the substrate tube through a sight tube
at the center of the furnace. Two views of this furnace, its associated
temperature control unit, and the gas flow control equipment are shown in

Figures 1 and 2.

The source gas which was controlled with standard rotameters, was
taken from commercial compressed gas cylinders. Carbonaceous source gases
used included methane, propane, acetylene, and ethylene. The inert gas used
as a diluent in the process stream and for protection of the furnace heating
element throughout the program was argon. All the deposition tests were made
at atmospheric pressure with the process gases.discharging directly into the

ventilation hood placed above the end of the furnace.

Each of the deposition runs made in the process studies used a
l-inch inside diameter by 1-1/2 inch outside diameter graphite tube as the
substrate. In the first six runs, the process gas mixture of methane and
argon entered the substrate tube outside the heated zone of the furnace and
passed through the substrate tube for the entire length of the heated section.
With this technique the pyrolytic graphite deposit was formed wherever the
substrate temperature was high enough to promote deposition. Temperature
measurements taken by sighting an optical pyrometer on the face of a thin
graphite disc placed at various stations along the length of the heated tube
indicated that a substantial temperature gradient existed near each end of
the furnace. However, within a 12-inch section centered in the furnace the

temperature was essentially uniform. Therefore, the deposition procedure was

-7 -
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changed to place a 12-inch test section of the substrate at the center of

the furnace tube. Starting with Run 7 the substrate tube consisted of an

inlet section, a 12-inch test section, and an outlet section joined by sleeve
couplings. The over-all substrate assembly (approximately 6 feet long) was
placed so that the 12-inch test section lay at the center of the furnace.

Since the inlet and outlet section were reusable, only the test section was
removed for examination following each deposition run. To initiate the
deposition at the inlet of the test section, a water-cooled injector was

used to transport the source gas to this point. The injector consists of

three concentric tubes; gas passes through the inner tube, water enters through
the middle tube, and water leaves through the outer tube. A replaceable,
uncooled graphite nozzle can be threaded onto the outlet end of the injector.
The carbonaceous scurce gas always flows through the injector; the inert argon
diluent gas can be split with part of the fiow going through the injector and
part outside the injector. The gas dynamics and the temperature of the combined
process gas at the injector outlet can be changed by varying the proportion of
the argon which enters through the annulus outside the injector where it is
subject to preheating.

B. CHARACTERIZATION METHODS

Following each deposition run, the 12-inch test section was split
length-wise (top to bottom) to expose the pyrolytic graphite coating. A
measurement was made of the thickness of the deposit at one inch intervals
along the substrate length at both the top and bottom; these measurements
were made with a low-power microscope with a calibrated eye-piece scale,

One half-section of the substrate was then further cut into six sections
2-inches long; these sections are numbered one to six from the inlet end.
Each section was polished for microscopic examination. When needed powder
samples were scraped from these sections for X-ray and density measurements.
The sample designation uged 1lists the run number first and then the section

number.

- 10 -
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The methods used for the other characterization work are described
in the following sections.

1. X-Ray Diffraction Analysis

North American Philips X-ray Diffraction Equipment was used to determine
interplanar spacings, crystallite dimensions, and relative peak intensities
for pyrolytic graphite samples. X-ray diffraction patterns were obtained using
Cobalt Kx radiation and standard X-ray procedures. Sodium chloride was used
as an external standard to determine instrumental line broadening. Exploratory
tests were made using admixtures of NaCl and graphite; but because of the possi-
bility of peak interference and sample contamination, all NaCl patterns were
determined separately. The 28 position of the pure sodium chloride peals also

served as a check against instrumentation error.

Interplanar spacings (d-spacings) of the basal planes in the pyrolytic
graphite were calculated using Bragg's Law. The crystallite dimensions Lc and
La were determined from the line broadening of selected reflections at half-
maximum intensity. Lc represents the average crystallite dimension in the
stacking direction; La represents the average crystallite diameter on the basal
planes. Both parameters were calculated by Scherrer's equaticn using Warren's

technique for correcting for instrumental line broadening.

The peaks selected to determine the parameters Lc and La were the
crystalline reflections of the 004 planes and the 10 bands, respectively. The
004 reflection is a typical symmetrical diffraction peak resulting from the
uniform stacking of the layer planes. However, the 10 reflection rises
sharply to a peak and then subsides slowly on the high angle side; this
peak is caused by two-~dimensional order in the graphite layer planes which
produces a grating effect. If the turboatratic structure were to form a true
graphitic 3-dimensional order, sharp peaks would be resolved from the 10 band.
Conversely, the substantial absence of this resolution in the 10 band indicates

a turbostratic structure.

- 11 =
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2. Density )
Density of the deposited material was determined by a sink-float

R

technique using a mixture of bromoform and ethyl alcohol. The method consisted
of placing the sample in a small beaker containing the liquid mixture. The
density (composition) of the liquid mixture was then adjusted until the sampie
would neither sink nor float. Equilibrium was generally reached within 30
minutes. The density of the pyrolytic graphite was then equal to that of the
liquid which was determined by weighing a known volume of the liquid.

3, Microstructure
Microstructural examinations were conducted on polished sections of

the deposited material using a Zeiss metallurgical microscope and conventional

techniques of microscopy. Sample preparation consisted of cross-sectioning the

coating and substrate in a longitudinal direction and polishing on standard
laps until smooth. Structural variations are readily distinguishable at

moderate magnifications, such as 50X to 100X. Polarized light is desirable ’(
for studying the cone structure, a typical type of microstructure for most -
vapor-deposited materials. Improved polished sections were obtained by potting -l
the sample in an epoxy resin before polishing. However, the polishing without -3

resin potting was acceptable for the routine observation.
C. RESULTS FROM BASIC PROCESS STUDIES

During the first year of this program twenty-three deposition runs were
made to investigate the effect of basic process conditions on the deposition
of pyrolytic graphite. Coatings suitable for extensive characterization study
were obtained in twenty of these runs. The conditions for each of these runs
are given in Table I. Data on the pyrolytic graphite formed are listed in
Table I1. The first six runs were exploratory ones in which the equipment
and deposition techniques were tested and improved. The remaining deposition
runs were isothermal tests in which the effects of process conditions were
studied.

The objective of these runs was to study the basic factors in pyrolytic
graphite deposition such as temperature, gas concentration, and the like.
Extensive examination of the coatings was carried out to provide background {

knowledge for later process improvements.

- 12 -
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3 l TABLE 1
‘ l Operating Conditions in Bgaic Process Studies
4 ' Run Carbonaceous Per Cant of Gas* Deposition
No, Gas Concentration Through Injector Temperature Time
: (per cunts (*c) (Hours)
‘ I (a) Exploratory, Non-Isothermal Runs
’ 2 5 CH“ No Injector 1500 - 1950 2
: ' 3 20 cu, No Injector 1500 - 1950 2
gf 4 5 CH, No Injector 1500 - 1950 2
: l 5 5 CH4 No Injector 1650 - 2150 2
] 6 10 cna No Injector ‘ 1650 - 2150 2
: ' (b) Iscthermal Deposition Runs Nozzle
% ' 7 14 CH, 60 2000 2 None
i 8 6 cua 60 2000 2 None
i 9 6 CHa 60 2200 2 None
| ‘ 10 6 CH, 60 2100 2 None
12 2.5 CH4 60 2000 3 None
I 13 5 cH, 80 2000 4 Long
14 5 Cﬂa 90 2000 2 Long
I 15 2.5 CH, 90 2000 4 Long
16 2.5 Cﬂa 90 1900 3 Long
I 17 2.5 C,Hg 90 2000 2 Short
18 5 C3H8 90 2000 2 Short
}' 19 2.5 C3H8 90 2000 2 Short
= 20 1.2 CSHB 90 2200 4 Short
i' 22 5 CH, 90 2400 3 Short
o 23 : 2.5 CHa . 90 2400 4 Short

* Total gas flow rate was 20 SCFH in all runs except Run 13 in which 10 SCFH was used.
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Sample No.*

TABLE 11

Summary of Characterisation Data on Pyrolytic Graphite

Thickness

(mils)

004 Peak

Densit Crystallite Dimensions Intensity
(gms/cc) &) (Relative Units)
L L
a c

Run 2 (Inlet cua Concentration = 6 Per Cent; Temperature = 1500 - 1950°C)

2-2
2-3
2-4
2-5
2-6

83
96
112
155
106

Run 3 (Inlet CH4 Concentration = 25 Per Cent; Temperature = 1500 - 1950°C)

3-2
3-3
3-4
3-5
3-6

qu 4 (Inlet CH4 Concentration = 6 Per Cent; Temperature

4-2
4-3
4-4
4-5

Run 5 (Inlet CHA Concentration = 6 Per Cent; Temperature

Run 6 (Inlet C

22
28
34
20
14

16
17
13
10

8

14
16
14
10
5
4

1.88
2.10
2.06
2.12
2.12

1.85
2.08
2.09
2.10
2.13
2.12

9
96
118
118
165
121

84
88
106
122
125

88
92
143
112
92
106

- 14 -
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47
61
83
86
93
86
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TABLE II (continued)
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004 Peak
Sample No,* Thickness Densit Crystallite Dimensions Intensity
(mils) (gms/cc) 7.9) (Relative Units)
L L
a c

Run 7 (Inlet CHA Concentration = 14 Per Cent; Temperature = 2000°C)

7-1 8 2.18 101 83
7-2 38 2.08 84 61
7-3 39 2.19 84 69
7-4 24 2,25 106 81
7-5 Rough Coating 2.20 102 86
7-6 Rough Coating 2.17 70 95
CH4 Concentration = 6 Per Cent; Temperature = 2000°C)
4 8-1 5 2,21 81 --
; 8-2 22 2,24 119 95
§ 8-3 24 2,22 92 68
i 8-4 18 2.16 102 69
$ 8-5 13 2,22 143 74

e s

Run 9 (Inlet 034 Concentraticn = 6 Per Cent; Temperature = 2200°C)

§ 9-2 31 2.18 117 78 15.5
v 9-3 28 2.16 110 78 13.0
9-4 18 2.19 165 78 17.2
9-5 12 2.20 180 92 18.5
9-6 6 2.18 95 92 18.0
Run 10 (Inlet Cﬂa Concentration = 6 Per Cent; Temperature = 2100°C)
10-1 12 2.19 - 78 9.0
10-2 33 2.18 152 73 8.3
10-3 26 2.16 125 78 10.6
10-4 18 2.17 141 85 8.6
10-5 10 2.18 141 78 13.2
10-6 6 2.17 152 85 17.4

¥ emmerd
1)

Run 12 (Inlet Cﬂa Concentration = 2,5 Per Cent; Temperature = 2000°C)

: 12-1 9 2.18 124 64 6.0
! 12-2 10 2.16 133 6t 7.0
' 12-3 11 2.15 142 92 10.0

12-4 14 2.14 100 85 11.3
12-5 16 2.15 124 85 11.5
12-6 12 2.16 142 85 13.5

- 15 -
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TABLE IXI (continued)

004 Peak

Sample No.* Thickness Denaity Crystallite Dimensions Intensity
(mils) (gms/cc) &) (Relative Units)
L . L

a c
Run 13 (Inlet CHQ Concentration = 5 Per Cent; Temperature = 2000°C)
13-1 15 2.13 132 78 6.0
13-2 20 2.17 179 92 7.5
13-3 18 2.15 143 78 6.5
13-4 12 2.17 179 92 7.2
13-5 7 2.17 132 85 9.0
Run 14 (Inlet Cﬂa Concentration = 5 Per Cent; Temperature = 2000°C)
14-1 10 2.17 95 68 6.0
14-2 13 2.16 110 85 9.6
14-3 12 2.16 133 78 9.8
14-4 15 2.17 105 77 12.6
14-5 12 2.17 142 78 10.0
14-6 8 2.17 117 73 10.8
Run 15 (Inlet CH4 Concentration = 2.5 Per Cent; Temperature = 2000°C)
15-1 10 2.20 124 73 6.5
15-2 20 2.17 110 78 6.2
15-3 18 2.18 110 68 6.4
15-4 19 ** 2.13 141 73 6.5
15-5 17 *% 2.17 110 72 7.0
15-6 13 ** 2,21 124 78 6.0
Run 16 (Inlet CHA Concentration = 2.5 Per Cent; Temperature = 1900°C)
16-1 6 2.16 105 68 ' 5.5
16-2 16 2.09 87 78 4.0
16-3 12 2.16 117 73 6.5
16-4 10 2.19 124 78 5.5
16-5 10 2.18 134 78 6.3
16-6 8 2.17 134 57 4,5
Run 17 (Inlet 03H8 Concentration = 2.5 Per Cent; Temperature = 2000°C)
17-1 6 2.19 105 73 5.3
17-2 13 2.17 105 73 5.2
17-3 10 2.20 110 68 5.8
17-4 17 2.19 124 73 6.4
17-5 13 2.19 110 85 7.0
17-6 8 2.17 165 73 5.5

- 16 -
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TABLE 11 (continued)
004 Peak

Sample No.* Thickness Densit Crystallite Dimensions Intensity
(mlll) (s 7cc EK) {(Relative Units)
L L

Run 18 (Inlet 03"8 Concentration = 5 Per Cent; Temperature = 2000°C)

18-1 16 2,07 87 60 2.5
18-2 24 2.02 87 57 3.6
No coating, only soot formed or sections 3-6.

Run 19 (Inlet C_H, Concentration = 2.5 Per Cent; Temperature = 2000°C)

38
19-1 16 2.05 91 68 3.6
19-2 a1 2,12 95 72 4.5
19-3 14 2.15 117 85 6.8
19-4 16 2.16 105 84 7.5
No coating on sections 5 and 6.
Run 20 (Inlet C,Hg Concentration = 1,2 Per Cent; Temperature = 2200°C)
20-1 16 2.17 100 78 7.4
20-2 38 2,14 133 65 7.0
20-3 27 2.17 133 92 9.0
20-4 28 2.17 105 - 92 9.0
20-5 24 2.17 124 85 8.8
20-6 16 2.15 117 92 9.0
Run 22 (Inlet CHA Concentration = 5 Per Cent; Temperature = 2400°C)
22-1 10 2.16 141 85 8.6
22-2 17 2.14 110 92 8.3
22-3 11 2,11 124 98 9.0
22-4 8 2.08 153 98 8.9
22-5 6 2.11 141 92 7.0
22-6 5 2.15 124 98 8.3
Run 23 (Inlet CHQ Concentration = 2.5 Per cent; Temperature = 2400°C)
23-1 8 2,14 141 78 7.4
23-2 16 2.14 165 68 5.1
23-3 12 2,16 141 85 8.7
23-4 12 2.18 117 78 8.8
23-5 17 2.20 133 85 10.6
23-6 12 2.17 141 78 8.0

* The 12-inch substrate was cut into 2-inch lengths numbered 1 to 6 from inlet end.
%% Partial Delamination

- 17 -



ATLANTIC ReszarcH CORPORATION

ALEXANDRIA,VIRGINIA

The principal process variables that affect the deposition of pyrolytic
graphite are the substiate temperature, the concentration or partial pressure
of the carbonaceous source gas, and the gas dynamics over the substrate,

The results of the basic process studies are discussed under several

headings according to the characterization methods used. The general effects
of the process parameters on the properties of the coatings can be seen from
this discussion. Studies of some of the practical effects of process changes

are discussed further in the next section on process improvement work.

1. Crystalline Parameters

The X-ray diffraction analysis of a pyrolytic graphite coating yields
the inter-layer spacing dimension and the crystallite size, both in the stacking
direction and in the layer plane direction. Without exception, the pyrolytic
graphite deposits produced in these studies had an inter-layer d-spacing
very close to 3.45 ;. This value is typical of that found for turbostratic
structures in graphite. The fact that no inter-layer spacings less than
3.45 R ware measured indicates that three-dimensional ordering characteristic
of the true graphite crystal is not present. This is consistent with the
absence of three-dimensional diffraction peaks in the X-ray diffraction patterns.
Other investigators have occasionally reported d-spi?ings as small as 3.40 i
indicative of partial graphitization or three-dimen;ional ordering. However,
there is no evidence that the smaller d-spacing would produce superior properties
in pyrolytic graphite; the turbostratic structure is a highly anisotropic

structure in itself.

As determined by X-ray diffraction measurements, the average crystallite
dimensions in the stacking direction and in the layer planes vary over a reason-
able range with process conditions. The values for most sections of the substrate
from eachcdeposition run are listed in Table II. The Lc values range from about
60 to 90 A. Based upon our present knowledge of the importance of this parameter,
an average value of 75 X would seem to represent adequately all the materials
produced. Thf values of La range from about 90 to 150 X. Here an average
value of 120 A would appear to define all of the materials adequately. For
the later runs, the relative intensity of the 004 peak is listed for each sample,
This value is thought to be related to the degree of crystallinity.

e 18 -
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2. Dengity

The densities measured for the pyrolytic graphite coatings produced
in this laboratory study range from 2.08 to 2.25 gm/cc. Increased temperature
of deposition yields a higher density material on the average although some
scatter exists. It is interesting to note, however, that while the theoretical
density of true graphite is 2.26 gm/cc (d-spacing of 3.354 X), the theoretical
density for a turbostratic graphite-type structure with a layer spacing of
3.45 X‘is only 2.19 gm/cc. Thus, all of the densities measured lie very close
to this theoretical density; that is, the porosity of the pyrolytic graphite
is near zero. This very low porosity undoubtedly is important in making
pyrolytic graphite a very inert form of carbon in high-temperature environments.

3. Microstructure

When a polished cross-section of the pyrolytic graphite deposit is
microscopically examined, a columnar or conical growth pattern is apparent.
These growth ''cones' are characteristic of pyrolytic graphite. No other single
feature of this material is believed to be more important in determining the
usefulness of a pyrolytic graphite deposit. The cones in the microstructure,
as seen by normal metallographic procedures, are too large to be single
crystallites. However, the conical microstructure does represent the inter-
action of the growth of pyrolytic graphite from various domains on the substrate
or within the coating.

Examination of a large number of photomicrographs of the microstructure
of pyrolytic graphite deposited under a variety of conditions indicates that
there are geveral types of conical microstructures. In some samples, large
cones which persist from the substrate through the coating to the surface
comprise the major microstructure. In other coatings, smaller cones, some
of which start above the substrate within the coating, are apparent. In still
other coatings, the cone structure is very fine and appears to regenerate
throughout the coating thickness. These various types of microstructure appear
to be important because of the relation between the microstructure and the
presence of small cracks or delaminations in the coating. When large primary
cones are present in the microstructure, delamination cracks through individual

grains are usually apparent. Often, these cracks join to produce longer,
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more severe delamination cracks. In general, when a fine grain or regenerative
cone structure is present, these delamination cracks are minimized and seldom
are large areas of delamination apparent. Process improvement consists
principally of developing practical means of producing a serviceable micro-
structure under the simplest process conditions. At the conclusion of these
basic studies, it appeared that the fine-grained, regenerative microstructure
would always be preferable to the large-cone, primary type of microstructure.

Actually, there are many variations of microstructure between the
clean, large primary-cone structure and the fine regenerative structurza.
Indeed, the microstructure of a pyrolytic graphite deposit usually is some
mixture of these types of microstructures, and it is not easy to define the
precise conditions necessary to produce a given microstructure. Unfortunately,
the deposition of pyrolytic graphite is complex, because of the effect of local
gas dynamics and substrate geometry. Thenucleation and growth process is also

sensitive to many small changes in operating conditionms.

The balance between the rates of nucleation and deposition influences
the size of the cones in pyrolytic graphite microstructure. Therefore, the
concentration of the carbonaceous source gas, the temperature of the substrate,
and the flow rate of the gas over the substrate are all variakhles of importance
in their effect on microstructure. Figures 3, 4, and 5 show the effect on
microstructure of changing the concentration of methane in the gas used t
deposit pyrolytic graphite, Figure 3 shows a large primary cone structure
obtained with a concentration of 14 per cent methane. The two horizoneal dark
bands through the coating are delamination cracks which are extensive in this
coating. In Figure 4, the microstructure produced with a 6 per cent methane
concentration, is shown. Here the structure has clearly become finer, and no
cracks are visible in the field of view. In Figure 5, the microstructure
produced with a 2.5 per cent methane concentration is shown. Here the
microstructure is quite fine and regenerative although a background of primary
cone structure is still apparent. A few small interlaminar cracks are apparent
in the larger cones. In each of these three deposition runs, the temperature and
gas flow conditions were held constant. Since the concentration of the carbon-
aceous source gas has a direct relation to the deposition rate, its influence

on the microstructure of the pyrolytic graphite deposits is to be expected.

- 20 -

o —



ATLANTIC RESTARCH CORPORATION
ALEXANDRIA,VIRGINIA

140-2

Figure 3. Pyrolytic Graphite Microstructure
14% CH,, 2000°C, Specimen 7-2 (45X).
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Figure 4. Pyrolytic Graphite Microstructure
: 6‘% CH,, 2000°C, Specimen 8-4 (120X).
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Figure 5. Pyrolytic Graphite Microstructure
2.5% CHg4, 2080‘0, Specimen 12-4 (185X).

54-5

Figure 6. rolytic Gra?hite Microstructure
6% CH4, 2200°C, Specimen 9-2 (75X).
- 22 -
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The temperature of the substrate upon which the pyrolytic graphite
is deposited does not appear to have a dominant effect on the type of micro-
structure obtained in the temperature range from 1900°C to 2400°C. Figure 6
shows the microstructure of a deposit prepared at 2200°C. The other conditions
for this deposition test were the same as those used for the deposit produced
at 2000°C., shown in Figure 4. Although there is some qualitative difference

in the microstructure, it is not clear that any significant difference exists.
The difference in these two microstructures is typical of that found from one
temperature to another in the range investigated during our basic process
studies, namely, from 1900°C to 2400°C. At temperatures below 1900°C the effect
of temperature is much greater as discussed later in the section on process
improvement.

The effect of the flow rate of the gas mixture over the substrate

can be seen by comparing the microstructure in Figure 7 with that in Figure 4.
In this case, all the conditions are comparable except that the flow rate used
to deposit the coating shown in Figure 7 was only one-half that of the flow
rate used for the deposit shown in Figure 4. The difference in these micro-
structures indicates that a finer, more regenerative microstructure was formed
at the low flow rate. The effect of the flow rate and the gas distribution

in pyrolytic graphite deposition must not be minimized. The deposition rate,
the coating uniformity, and the over-all quality of a pyrolytic graphite coating

are greatly affected by the gas dynamics over the substrate.

4, Rate and Uniformity of Deposition

In the basic process studies, the deposition rates of pyrolytic

graphite were not of primary concern. However, when fabrication of coated

TS fed e g R B OO W BN &S N EE B an

nozzle parts is required, a knowledge of the deposition rate is necessary so

£
[y

that proper coating thickness can be applied. Thus, correlation of the deposition
rate with process conditions is helpful.

PRy

The deposition rates obtained in each of the isothermal deposition
j runs along with pertinent process conditions are shown in Table III. The same
- three major variables that affect the quality of the coating also appear to
EV affect the rate of deposition. These variables are the substrate temperature,
the carbonaceous source gas concentration, and the gas dynamics over the
i substrate. Above 1900°C the temperature of deposition appears to have relatively
' lictle effect upon the deposition rate. The decomposition of the carbonaceous

——
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21-3

Figure 7. Pyrolytic Graphite Microstructure
Low Gas Flow, Specimen 13-3 (185X).
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TABLE II1

1‘ Deposition Rates in Isothermal Deposition Runs

Source Gas Per Cent of Gas¥* Maximum
‘ Run No. Temgfrnture Concentration Through Injector Deposition Rateww
(*c) (per cent) (mil/hr)
} 2000 14 CH, 60 19
‘. 8 2000 6 CH, 60 12
- 9 2200 6 CH, 60 15
| 10 2100 6 CH, 60 16
- 12 2000 2.5 CH, 60 5
g‘ 13 2000 5 CH, 80 5
14 2000 5 CH, 90 8
;' 15 2000 2.5 cn, 90 5
16 1900 2.5 CH4 90 5
. 17 2000 2.5 C3H8 90 8
18 2000 5 C g 90 12
i 19 2000 2.5 C,Hg 90 10
' 20 2200 1.2 CHg 90 ' 9
. 22 2400 5 CH4 90
E 23 2400 2.5 CH, 90

Y
-~ v

* Total gas flow was 20 SCFH in all runs except Run 13 in which 10 SCFH was used.

** Deposition rate is calculated from mean thickness at the cross-section where
maximum thickness occurred.
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gas is rapid at the temperatures of deposition, and thus, the rate of deposit
is controlled by the rate at which carbonaceous gas molecules reach the
substrate surface. Consistent with this, the concentration of the ssurce gas
hasg a substantial effect on the deposition rate; the rate appears to be nearly
proportional to the concentration of the source gas, other things being equal.
Often overshadowing even the concentration effect, however, is the effect of
the gas flow rate and flow pattern in the deposition zone. Local turbulence
and impingement of the gas mixture on the substrate leads to high deposition
rates since the carbonaceous source gas molecules are rapidly brought to the

surface of the substrate.

In the basic process studies the geometry of the substrate was
intentionally kept simple. Nevertheless, if the injector was not well centered
in the substrate tube, uneven deposits were formed around the tube. With
careful centering of the injector, uniform coatings at all radial positions
could be achieved throughout most of the length of the substrate test section.
The uniformity of the coating in the axial or flow direction can be varied
by adjusting the concentration and flow rate of the gases, and by varying
the flow through the injector and outside the injector in the annulus between
the injector and the substrate tube., The variation in thickness of the coating
along the axis of the substrate in each deposition test is given in Table II.
In general, achievement of a uniform coating requires a moderately low coating
deposition rate. In the course of this basic process study, when uniform
coatings were achieved, the deposition rate was approximately 5 mils per hour.
Although this is a reasonably slow deposition, no effort was made to increase

thig rate.
D. RESULTS FROM PROCESS IMPROVEMENT STUDIES -

A continuing effort of moderate proportions was made during the
second year to define certain relationships of interest in the deposition
nrocess. This effort was essentially a process improvement study. The
deposition tests that were made were chosen for one of two reasons. Some of
the tests were made in direct support of the nozzle preparation work. The
remaining tests were made in an effort to define process conditions which
might lead to substantial simplification of the deposition process, or to
substantially different properties in the pyrolytic graphite.

- 26 -
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All of the tests in the process improvement study were carried out
using tubular substrates (one~inch inside diameter) in the same fashion as the
basic process work. With this configuration the examination of the coating
could be readily accomplished, and any changes in the coating, in either radial
or axial directions, became apparent. The results of the process studies
carried out after the first year's work are discussed under several headings
below according to the principal effect being studied.

1, Effect of Gas Flow and Surface Finish -

The thickness and uniformity of the pyrolytic graphite coatings are
sensitive to the gas dynamics in the deposition zone. To prepare nozzle test
pieces of the desired quality and configuration, the effects of gas dynamics
and surface finish were studied. Twelve deposition runs were made in this
series as shown in Table IV. All these runs were made with methane as the

carbon source with a total gas flow rate (methane plus diluent) of 20 SCFH.

The rate of deposition of pyrolytic graphite is affected by the
methane concentration. But of greater importance is the effect of gas
distribution on uniformity of coating. In general, an expansion tip on the
gas injector appears to improve gas distribution and the contol of coating
uniformity. However, in Run 34 when all the process gas entered through the
injector, a heavy deposit was formed over the first four inches of the substrate
with a thinner, non-uniform deposit over the remainder of the substrate.

In Run 33, a non-uniform deposit was formed by passing 40 per cent of the total
gas through the annulus., The non-uniformity appeared as a slightly thirker
coating at the outlet end of the substrate. In Run 32, a very uniform deposit

was obtained by passing 10 per cent of the total gas flow outside the injector.

Control of the uniformity of the coating in the radial direction
is also important. Careful centering of the injector in the substrate tube
helps to produce good results. Provision was also made to rotate the substrate

relative to the injector to allow additional control of the radial uniformity.

The surface finish of the substrate, in the range from 80 to 400
grit, does not appear to affect the coating greatly except that the finish
of the coating reflects the substrate finish, The substrate surface roughness
might be expected to affect the bond strength between the pyrolytic graphite
coating and the substrate, but this effect was not studied.

- 27 -
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In line with the results of these deposition tests and the basic
studies reported above, the standard grade pyrolytic graphite for nogzzle testing
was defined as that produced on a substrate with a normal machined finish at
2000°C from a mixture of methane and argon gas with 5 per cent methane by

volume., Such deposits are uniformly of good quality and moderately fine-
grained microstructure,

2. Effect of Deposition Tempergture

Since optimization of the process conditions was assigned reduced
priority after the first year of the program, emphasis was placed on those
changes in process conditions which might produce substantial reductions in
the cost or complexity of the production process, or which might produce
pyrolytic graphite of markedly different physical or chemical properties. One
method by which the deposition process could be substantially simplified would
be the reduction of the deposition temperature, Power requirements, of course,
would decrease and furnace requirements would be simpler. Residual stresses
should be somewhat less and anisotropy should decrease. Although decreased
anisotropy is not necessarily desirable in all respects, one advantage to
be expected is greater transverse strength.

To evaluate the possibility of preparing pyrolytic graphite coatings
at lower temperatures, a series of deposition runs was made with substrate
temperatures in the range 1100-1700°C. The total gas flow for each run was
20 SCFH with 10 per cent of the flow being introduced outside of the cooled
gas injector. The gas flowing outside the injector was argon only and was the
quantity found to be optimum for deposition runs at 2000°C. No effort was made
to determine whether or not the proper distribution of gas within and outside

of the injector for low temperature deposition was the same as for 2000°C
deposition.

The results of the low tomperature deposition tests and the conditions
used in each run are shown in Table V. It is apparent that the deposition rate
is substantially reduced as the substrate temperature is reduced. The absolute
values of the deposition rate apply only at the section of maximum coating
thickness, and no particular attempt was made to obtain uniform coatings. The
trend with reduced temperature is clear, however.
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Run

Number

36
37
38
39
40
41

TABLE V.

Deposition Runs at Lower Substrate Temperatures

Inlet Carbon Source Mean b
Temperaturs Carbon GCas Concentration Deposit Rate
(°c) Source Gas (per cent) (mils/hr)
1700 Methane 5.0 10.7
1500 Methane 5.0 4.5
1300 Methane 5.0 2.0
1100 Me thane 5.0 No deposit
1300 Propane 2.5 3.0
1300 Propane 2.5 3.0

a, For all runs:

1'
2.
3.

10 per cent of gas flow entered outside of injector.
Substrate surface finish 80 grit.
Total gas flow = 20 SCFH.

b. At cross-section where maximum coating thickness occurs.
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At 1100°C no measurable coating was found after the two-hour
deposition run. Propane was substituted for methane in Runs 40 and 41 to
see if the less thermally stable propane would produce a more rapid coating
at 1300°C., The observed deposition rate was proportional to the atomic
concentration of carbon in the source gas and indicated no increased

deposition rate from the use of propane.

The effect of reduced déposition temperature on the microstructure
of the coatings can be seen in Figures 8 and 9. Lowering the substrate
temperature encourages the formation of large, erratic cone structures,

Such a coating is likely undesirable because of the surface roughness and

the greater number of spearations within the cones. At 1300°C the coatings

produced from either methane or propane show erratic cone growth. At 1500°C
and 1700°C the coatings are much smoother and finer grained. At substrate
temperatures up to about 1500°C the catalytic effects of the substrate surface
presumably assume greater importance in determining the local deposition rates

than at higher temperatures.

3. Effect of Substrate Pretreatment

The effect of surface condition of the substrate on the micro-

e e e 2oy

structure of the pyrolytic graphite coating was studied in several sets
of deposition tests. In the first set of tests, the effect of the graphitic

e T Y i

ey et ot MR BNE D OO ae TN X ey W

nature of the substrate and its purity were observed. Pyrolytic graphite was
deposited on three different substrates at 1340°C, Deposition conditions are
given in Table VI. Photomicrographs of the polished cross-section of each

s e

oy

coating are shown in Figure 10. The substrate in Run 42 was grade AGOT
{National Carbon Company) which is a high-purity graphite produced for nuclear

Ml |

applications. In Run 43, the substrate was the standard grade of graphite pipe

used in most of the studies to date. The substrate for Run 44 was commercial

b a—a

grade carbon pipe and was chosen because of the markedly less graphitization of
this material (as measured by X-ray diffraction patterns) compared to the normal
i grephite pipe.
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Run 36 1700°C

Run 37 1500°C

un 38 *

Figure 8. Microstructure of Coatings
Produced from Methane at
1300° to 1700°C.
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Run 41 1300°C 150X

Figure 9. Microstructure of Coatings
.- Produced from Propane at
il 1300 to 1700°C.
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Figure 10.

Microstructure of Deposits on
Different Substrates at 1340°C.
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The coating formed on each of these substrates was rather
coarse, which is characteristic of the low-temperature (1340°C) deposit.
However, the deposit on the less-graphitic substrate was somevhat finer-
grained and was of a more uniform microstructure than that formed on the
standard graphite substrate, The pyrolytic deposit on the AGOT graphite
was coarse¥ and rougher than that on!the standard substrate, but this
coarséness was probably caused, at least in part, by the rough surface

of the AGOT material.

To obtain further data on the effect of surface condition on
the coating microstructure, a second series of tests was carried out with
a steam activation'prctrnatment of the substrate. For Run 45, a graphite
subatrate was exposed to argon saturated with water vapor at room tempera-
ture for 15 minutes immediately prior to deposition. The pretreatment and
the deposition were both carried out at 2000°C. Run 46 was a congrol test
in which all conditions were the same as Run 45 except that the steam pre-
treatment was eliminated. The deposit on the steam-pretreated substrate
had an increased cone gize, especially near the surface. Typical areas
are shown in Figure 1l. This increased cone size was probably caused by
an increaged activity of a number of reactive sites at which rapid nuclea-
tion and growth occurred. This is consistent with the activation process

which would occur through steam treatment,

The results from both of these series of tests suggest that a
uniform microstructure of reduced cone size requires a surface on the sub-
strate which is moderatély smooth and as uniformly inactive (chemically)
as possible. Therefore, several other substrate. pretreatment conditions,
which might be expected to reduce the activity of the surface, were tested,
Deposition of the pyrolytic graphite coatings was made of 2000°C in each
case for convenience, although it is hoped that any techniﬁue found to
improve the microstructure can be used at lower deposition temperatures.
In Runs 47 and 48 little effect was noted from preheating the substrate
for either two or four hours at 2500°C prior to the deposition test.

- 36 -
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Figure 11. Effect of Steam Pretreatment on
Microstructure of Pyrolytic Graphite
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In Run 49 the substrate was precoated with pyrolytic graphite, then honed

smooth, cleaned, and used for deposition tests. The line of demarcation

betwsen the ptccoac'nnd the main pyrolytic graphite coating was very, smooth
and at some points difficult to identify. In other areas the cone structure
changed across this boundary in such & way as to make it quite apparent. No
particular evidence was found for poor bonding between the two layers of
pyrolytic graphite, but the very smooth interface might lead to inadequate

bond strength. One area of the coating produced over the pyrolytic graphite
precoat is shown in Figure 12.

Another method of sealing the original graphite surface was tested
in Runs 50 and 51. The substrates for these tests wera impregnated with a
furane resin which was then cured, carbonized to 1400°F, and honed smooth.
The substrate for Run 50 had one impregnation, while the substrate for Run 51
had a double impregnation with the complete cure, carbonize, and hone cycle
following each impregnation. This method of substrate pretreatment appeared
to have & more obvious effect in reducing the number of large, wide angle
cones found in the coating. These large cones are more susceptible to
crack initiation in coatings of pyrolytic graphite. Unfortunately, in Run
50 in particular, coating delamination from the substrate occurred along a
portion of the coating length. The very smooth substrate surface, as seen
in Figure 13 may not promote good coating-to-substrate bonding. Nevertheless,
the utility of resin impregnation pretreatment to reduce the incidence of
large cones and improve the microstructure of pyrolytic coatings should be
studied further, especially at lower deposition temperatures.

In review, only the pretreatments which seal and smooth the sub-
strate surface, such as the pyrolytic graphite precoat or the resin impreg-
nation, appear to offer much hope for a method to control the microstructure
of pyrolytic graphite., The preliminary tests reported here suggest the need
for further experimentation with the surface eealing pretreatments.
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Run 49 150X
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Figure 12. Dyrolytic Graphite Coating over
Precoat of Pyrolytic Graphite
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50 150X

fingle-%osin Impregnation

Figure 13.

na . .~ Tmpregnation

Coatings on Resin-Sealed Substrates
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4., Ethylene and Acetylene Source Gases

In Runs 52 through 56 pyrolytic graphite coatings were prepared on
normal graphite tube substrates at 2000°C and 1700°C using ethylene and
acetylene as source gas. The conditions used in these deposition tests are
listed in Table VII. A concentration of 2.5 volume per cent (equivalent
in carbon atom per cent to 5 per cent methane) was found suitable to produce
coatings very similar to those made from methzane, On the basis of the limited
number of tests carried out, no substantial advantage of either ethylene or
acetylene over methane is apparent at the standard deposition temperature
level, Structures of two sections selected from these deposition runs are
shown in Figure 14.

5. Lower Temperature Deposition

The studies performed during the latter portion of the program were
made primarily to determine the feasibility of preparing useful pyrolytic
graphite at lower substrate temperatures than the 2000°C temperature normally
used. If lower deposition temperatures were proved feasible the coating
process could be carried out more easily. Reduced anisotropy and residual
stresses should also be found in lower temperature deposits. However, the
coarse grained irregular structure of the coatings normally formed at
temperatures below about 1700°C is believed to be detrimental to good
performance in a nozzle. Therefore, deposition tests were made with various
source gases and with a resin-coat substrate pretreatment to see if improved
microstructure could be obtained. The conditions used in these deposition tests
are also listed in Table VII.

Even though no difference was discernible between coatings made
with ethylene or acetylene and those made with methane at 1700° to 2000°C,
it was felt that some difference might exist at lower deposition temperatures.
Runs 57 through 60 were made at 1300 and 1500°C using ethylene and acetylene
and normal graphite substrate tubes. The coatings prepared in these runs
appeared to have a slightly more uniform microstructure than deposits produced
earlier from methane. Still, the coatings formed at 1300°C appear too coarse
to be serviceable. The depogsits formed at 1500°C might prove to be useful.
Figure 15 shows the structure of one of the coatings prepared at each temperature

level.

-4 -
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29243

Run 54 1700°C Acetylene Source
Gas (150X)

B e s s o

Run 55 2000°C Ethylene Source
as (150X)

Figure 14. Pyrolytic Graphite Microstructure
from Acetylene and Ethylene at
High Deposition Temperatures
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i 29244

Run 57 1500°C Ethylene Source
Gas (150X)

ARy 20 4w e

e e RS TGS

Run 59 1300°C Acetylene Source
Gas (150X)

Figure 15. Pyrolytic Graphite Microstructure
from Acetylene and Ethylene at
Low Deposition Temperatures.
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To provide further information concerning coatings prepared at
lower deposition temperature, the density of a number of samples was determined.
The method used was the flotation procedure described earlier. Dengities were
measured for coatings prepared at temperatures ranging from 1300°C to 2000°C
from several source gases (methane, ethylene, and acetylene) and on both plain
substrates and furane resin-coated substrates. Figure 16 shows the range of

densities found at the different temperature level.

Specimens were taken from sections of the standard 12-inch long
substrate tube as close as two inches from the injector and as far downstream
as eight inches from the injector. Much of the spread in density values shown
in Figure 16 at the lower temperatures depended upon the axial distance from
the injector. Examination of the data showed no strong effect on density of
the source gas type or substrate condition. The most interesting conclusions
from this study, however, are that coatings of relatively high density can
be prepared over a wide range of temperature and that some control of the density
appears possible. The dip in density at 1500-1600°C is similar to that observed
by others, although the decrease in density found in our work is less than

generally observed.

6. Lower Temperature Deposition on Pretreated Substrates

One promising substrate pretreatment consisted of coating the
substrate with a furane resin. After the resin was cured it was carbonized
to 1400°F and the surface honed smooth. In Runs 61 through 65 substrate
tubes were used which had been pretreated in this fashion. Pyrolytic graphite
was prepared from ethylene and acetylene at 1500°C and from methane at 1300,
1500, and 1700°C. In each tase the coating microstructure was improved over
that formed under similar conditions on an untreated substrate. In particular,
the uniformity of the structure was improved. In Figure 17 the microstructures
of the coatings prepared at 1500°C from methane and ethylene source gases are
shown. It appears likely that pyrolytic graphite of this quality would be
ugseful in rocket nozzle; however, the emphasis placed on motor tests of
nozzles coated with the standard (2000°C) pyrolytic graphite and the scale-up

of these nozzles precluded the testing of lower temperature coatings.
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29245

Run 62 1500°C Methane Source
Gas (150X)

s

IO

‘ Run 64 1500°C Ethylene Source
. Gas (150X)

——g

, Figure 17. Pyrolytic Graphite Microstructure
e on Precoated Substrates at Low
] Deposition Temperatures.

- 47 -



ATLANTIC RESEARCH CORPORATION
ALEXANDRIA,VIRBINIA

V. MOTOR FIRING TESTS
OF PYROLYTIC GRAPHITE NOZZLES

This phase of the program assumed major importance following the
basic process study carried out during the first year. Accurate assessment
of the inherent capabilities of pyrolytic graphite coatings in rocket motor
nozzles required a carefully conceived and executed motor test program. The
mode of failure of pyrolytic graphite had to be considered if meaningful data
were to be obtained. The test techniques had to be selected with care so

that the inherent "best' performance of pyrolytic graphite could be observed.

A. ANALYSIS OF FAILURE MECHANISMS

Prior to the start of nnzzle testing on this program Atlantic Research
had gained a considergble background and insight into the behavior of pyrolytic
graphite through nozzle testing on a program for the Bureau of Naval Weapons.
Using this work as a source of nozzle samples tested in rocket motor firings,
one of the first tasks carried out on the current contract was to determine

the mechanisms that cause failure of pyrolytic graphite coatings.

When pyrolytic graphite is used in rocket nozzles, failure may occur
in several ways. Three distinct and separate mechanisms of material loss

may be classified as follows:

1. Massive fracture and delamination
2, Spalling and minor delamination

3. Chemical and mechanical erosion

In massive fracture and delamination, the entire pyrolytic graphite coating

may be lost, leaving the substrate material unprotected. This type of cata-
strophic failure is associated with poor bonding of the coating to the substrate.
In turn, the poor bond is usually the result of improper mechanical design and
mismatch of the properties of the pyrolytic graphite and its substrate. Figure 18
shows a nozzle after test in which the coating has come loose from the substrate.
In this particular test the coating was retained throughout a successful test,
but the mode of incipient failure is clear. This type of coating fracture,
starting upstream of the insert throat, has been observed in larger scale

nozzle tests. During motor firing, this type of failure is easily recognized

by a sudden pressure loss followed by a steady decay in pressure as the substrate

erodes.
- 48 -
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Figure 18. Coating Delamination and Fracture
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Some mismatch of physical properties is inevitable when pyrolytic
graphite is mated to another material, although adequate design can minimize
failures caused by these differences. One approach often suggested to avoid
pre-stresses from the deposition provess is to remove the pyrolytic graphite
coating from its deposition substrate and use it in free-standing form. This
may be helpful in some cases, but proper design considerations are still
required to prevent failure in service. Fracture and complete failure of a
nozzle structure can still occur readily from stresses induced during service,
especially from insufficient support and improper retention of the pyrolytic
graphite shell., Stresses caused by thermal gradients and thermal expansion

anisotropy are also significant.

The second type of failure noted with pyrolytic graphite nozzles
consists of minor or local delamination cracking with the spalling of various
size chips or slivers from the surface. The microscopic examination of the
polished sections of a series of pyrolytic graphite coated nozzles tested in
motor firings has shown the frequency with which this occurs. Whenever a
large primary cone microstructure is found, the source of these delaminations
is apparent. In Figure 19 three different photomicrographs of fired nozzles
are shown to dembnstrate this failure mechanism. Each of these views shows
some portion of the coating which is near the point of being lost by spalling.
When erosion occurs by this mechanism, the pressure trace from a motor firing
usually shows a series of small but sharp decreases; in some cases, the erosion
appears reasonably smooth but continuous and appreciable in extent. Although
this mode of material loss does occur frequently and is often built into the
pyrolytic graphite structure, it is not necessarily an inherent factor in the
best grades of the material. It is considered as a separate and distinct

mechanism because it can conceivably be avoided or at least greatly minimized,

The third mechanism in the failure of pyrolytic graphite is normal
erosion by mechanical forces in the nozzle combined with chemical attack. This
mechanism is meant to include only that erosion inherent and unavoidable in the
material. In this sense it is entirely different from the first two mechanisms
which are caused or accentuated by the design and preparation of the nozzle and
may thus be eliminated under proper conditibnu. This third, "unavoidable" form
of erosion represents the ultimate capability of the material and determines
its maximum usefulness in nozzle service. If erosion is by this mechanism, the
motor pressure trace should be amooth with the extent of regression being determined
by the inherent material stability.

- 50 -
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In determining the usefulness of any material for nozzle service, the
inherent stability of the material should be determined. This approach has
generally been taken in trying to use very brittle materials, such as the
refractory metal carbides, which must be reinforced and carefully retained to
prevent thermal shock failure. Only after the problem of catastrophic failure
and spalling have been solved can such materials be evaluated realistically.

This is the approach which should be taken with a new material, such as pyrolytic
graphite, which has rather unusual anisotropic physical properties.

B. MOTOR TEST METHOD

The most meaningful test of a pyrolytic graphite material for nozzle
applications is an actual rocket motor firing. Thz correlation of property
and characterization data with serviceability must be made on the basis of motor
firing results.

In past work, Atlantic Research has motor tested a number of nozzles
coated with pyrolytic graphite by several commercial producers*. In Arcite 373
propellant (5600°F, aluminized), these nozzles have given performance ranging
from excellent to very poor. X-ray diffraction and density measurements have
failed to show any significant differences that reflect in motor performance.
Since the process conditions used in the deposition of the pyrolytic graphite
were generally not available to us, no correlation could be made. In one instance,
in which a series of pyrolytic graphite nozzle inserts were supplied with the
deposition temperature specified (some at 1900°C, some at 2150°C), the better
and poorer performance was evenly divided between the two temperature levels,
This indicated that deposition temperature alone was not a controlling factor
in serviceability for these particular nozzle inserts. It is clear that the
best way to evaluate pyrolytic graphite is to integrate the deposition work and
the motor testing. Only if the deposition conditions and techniques, together
with the motor testing techniques and results are understood,can an improvement

in the utility of pyrolytic graphite be made.

* These commercial producers include Raytheon, High Temperature Materials,
American Metal Products, and General Electric.
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In selecting a test nozzle configuration, three requirements were
held to be of prime importance. First, the test must expose the nozzle ingert
to a thermal, chemical, and mechanical environment typical of solid-propellant
rocket motor service. This requirement was easily met by choosing the test
method developed on a program for nozzle insert evaluation for the BRireau
o Naval Weapons. By using a nozzle insert of modest volume and by insulating
this insert from the heat sink of the structural parts, a meaningful sub-scale
test has been achieved. Since this test method has proved itself in our
evaluation work, it was an obvious choice to motor-test pyrolytic graphite

nozzles.

The other two requirements to be satisfied in motor-testing pyrolytic
graphite deal with the preparation of the inserts themselves. Consistent with
the discussion of the failure mechanism above, every effort should be made to
determine at the outset the inherent serviceability of the material. 1In other
words, spalling and delamination should be eliminated by any practical means
so that the inherent erosion rate through chemical and mechanical attack can
be measured. After this basic measurement is made, if the material still looks
useful, the problem of designing and producing practical nozzle hardware can be
undertaken. The final requirement is that pyrolytic graphite comparable to
that actually under test in the motor should always be available for examination
and characterization. Some of the characterization methods are destructive of
the sample and cannot be applied to the nozzle before testing. In the past, no
way has been available tc examine the structure of a pyrolytic graphite in or

near the critical throat region prior to testing.

A nozzle assembly which satisfies all three of the above requirements
was devised for the initial motor tests as shown in Figure 20. The segmented
nozzle insert consists of three separate pieces. For tests with Arcite 373
propellant (5600°F), the inlet and outlet sections can be made of molded
commercial graphites since these will be eroded only moderately. The throat
section consists of a pyrolytic graphite coated cylindrical washer, which can be
cut from a coated substrate tube of proper inside diameter. By this technique,
the edge of the pyrolytic graphite coasting to be tested can be polished and

examined microscopically both before and after motor firing. Furthermore, the

coating immediately adjacent to the section tested in the motor is available
for further testing, such as X-ray diffraction analysis. The use of a small
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Exploded view of segmented nozzle insert
Part 1 - ZT Graphite
Part 2 - Pyrolytic Graphite Test Piece
Part 3 - ATJ Graphite

Steel Fixture

OO\ _—Expansion Cone

Reinforced Plastic

Insulation —\

Ceramic Insulation

Segmented Nozzle Insert

\N WEA W -

Figure 20. Nozzle Assembly with Segmented Nozzle Insert for
Motor Tests with 5600°F Propellant
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area of pyrolytic graphite on a cylindrical substrate at the throat (only) of
the nozzle reduces to a low level the chance of coating loss or serious delami-~
nation. The selection of this segmented nozzle insert design satisfies fully
the latter two requirements specified above,

The outer envelope of this nozzle insert conforms to the standard
drawing used to fabricate test inserts for our general nozzle evaluation program.
Thus, the pyrolytic graphite nozzle could be installed directly into the motor
hardware that is standard at Atlantic Research. The use of this established
test procedure in which the nozzle heat sink effect is minimized by the use of
an insulating material for nozzle insert support assured that a realistically
severe nozzle test would be made; this satisfies the remaining requirement set

forth above.

The use of a segmented nozzle design provided several advantages.
Nozzle insert preparation was kept simple and reliable, and microscopic exami-
nation of coating quality was possible at a point close to the nozzle throat.
During the analysis of the shear stresses in coated sections which is described
later in this report, it became apparent that a segmented design with a short
coated length was especially useful in reducing the edge stresses. However, when
propellants with flame temperatures of 6000°F or higher were used the pyrolytic
graphite coating was extended a reasonable distance beyond the throat in each
direction since no other graphitic material was sufficiently erosion resistant
to serve near the throat. In our program this was accomplished by lengthening
the coated throat section to 3/4 inch and contouring it to the standard nozzle
shape. A cross-section of the nozzle insert used for motor tests with 6000°F
and 6500°F propellants is shown in Figure 21, A photograph of the three pieces
which form a segmented nozzle insert is shown in Figure 22 prior to assembly for

motor test.
C. RESULTS FROM MOTOR TESTS

The primary data obtained from motor tests were the nozzle erosion
rate and the associated operating parameters of the rocket motor. The majority
of the tests were made with the standard (2000°C) pyrolytic graphite coating
since the principal goal was the definition of the inherent capability of such

a standard material under different motor operating conditions. In one firing,
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Figure 21, Detail of Segmented Nozzle Insert
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Figure 22, Segmented Test Nozzle Before Assembly
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PYM-3, a coating with a coarse microstructure was tested to find the effect
of microstructure but this work was set sside in favor of the principal goal.
In another test, PYB-6, a lower temperature coating (1700°C) was evaluated

but this area of study was not pursued further.

Motor tests were made with aluminized solid propellants having
theoretical flame temperatures of about 5600°F, 6000°F, and 6500°F., All but
the last two firings were made with nozzles of nominal 0.530 inch throat diameter.
The throat diameter was adjusted (about * 40 mil) and the motor diameter was
changed as needed to provide the range of operating pressure degired. The
last two firings utilized nozzles of nominal 1l-inch throat diameter to demon~
strate the scale-up potential of pyrolytic graphite nozzles. The data from
each firing are shown in Table VIII and discussed for each propellant system
below.

1., Firings with 5600°F Propellant

The first propellant ysed in the nozzle test program was an aluminized
Arcite formulation with a flaﬁg temperature of about 5600°F. This propellant,
which is typical of many propellants currently in use in state of the art
designs, has an oxidation ratio of 1.00 (defined as only sufficient oxygen

content to convert Al to A1203 and C to CO).

Three motor tests of pyrolytic graphite were made with this propellant.
The erosion rate of the standard 2000°C pyrolytic graphite was only about 0.1
mil/sec for a motor pressure of 1000 psi. These data from these tests are
shown on Figure 23 which shows all the erosion rate data. The pyrolytic
graphite gpecimens tested in firings PYM-1 and PYM-2 were both cut from a
single coated tube. The section used in PYM-1 was as-deposited; the section
used in PYM-2 had an overly thick coating and contained a delamination in the
upper part of the coating. This coating was ground off to remove the delami-
nation and reach the desired throat diameter. The firing results indicated
no problem with this machining operation.

Prior to each of these motor tests, the coated nozzle section was
polished lightly to allow an examination of the microstructure. Photomicrographs
in Figure 24 show the microstructure before and after firing PYM-1. 1In both of
the firings the x_nofded ZT graphite used as the mxtance section eroded sufficiently
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B. After Motor Firing

Figure 24, Microstructure of Nozzle Test Specimen PYM-1
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to expose the edge of the pyrolytic graphite in some areas at the upstream
Joint., This attack, which also occurred on the ATJ graphite used downstream
of the nozzle throat, can be seen in Figure 25 which shows two views of the
complete segmented nozzle insert from firing PYM-1 after test. Sufficient
gas leakage occurred at the upstream joint in the nozzle to allow attack of
the substrate behind the pyrolytic graphite, as can be seen by the large void
in the after-firing photomicrograph (Figure 24). In spite of these factors,
the coating performed in an outstanding fashion.

For the third motor test with this propellant, a coating of coarse
microstructure was intentionally prepared. In firing PYM-3 this coating
showed an erosion rate of 0.16 mil/sec at 917 psi, only slightly higher than
the standard grade coating. Thus, these three test firings indicated that both
the standard fine-grained coating and a coarse-grained coating can perform
well in this 5600°F propellant if the coating is free of major cracks and
delaminations. The equation of the line shown in Figure 23 is erosion rate,
mil/sec = 5 X 10.4 (Pc-850) for Pc in psi.

It was apparent that a critical evaluation of the capabilities of
pyrolytic graphite required motor tests with a hotter propellant. Since this
evaluation of the serviceability of pyrolytic graphite over a range of severe
motor conditions was the major goal of this work, the motor firing program

was immediately shifted to tests with hotter propellants.

2. Firings with 6500°F Propellant

The segmented test nozzle used in the 5600°F propellant firings
was modified for use with the 6500°F Arcocel propellant by lengthening the
pyrolytic graphite coated section to prevent excessive erosion of the uncoated
parts of the nozzle. No molded graphite is available which does not erode at
a rather high rate when placed near the nozzle throat. Indeed, in early tests
with the 6500°F propellant it was feared that coating failures might be initiated
by excessive erosion of the molded graphite entrance section. Continued testing
demonstrated that although substantial erosion always occurred in the molded
graphite in the entrance area, the pyrolytic graphite coating was still able

to perform its function as a low-erosion throat section.
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A total of twelve motor firings were made with the 6500°F propellants
which had an oxidation ratio of 1.08. 1In eleven of these tests, the standard
2000°C pyrolytic graphite coating was evaluated at different motor operating
pressures. One test was made of a coating prepared at 1700°C; since this
lower temperature coating was not serviceable with the 6500°F propellant,
further testing of lower temperature deposits was deferred to permit the
basic testing of the standard grade deposit.

The data from each of the motor tests with the 6500°F propellant
are listed in Table VIII. The erosion rate measured in nine of the tests
of the standard grade coating was considered reliable enough to define the
effect of motor operating pressure as shown in Figure 23. This plot chows two
facts of great interest concerning the capabilities of pyrolytic graphite,
First, it can be seen that a good grade of pyrolytic graphite can give excellent
service in rocket nozzles even at high pressure and high propellant flame
temperature, An erosion rate of 0.5 mil/sec represent‘ excellent performance,
a level which very few materials can reach under such severe operating conditions.
Second, the important role of motor operating pressure in causing nozzle erosion
is clearly demonstrated. Indeed, the good performance noted at motor pressure
near 1000 psi becomes essentially perfect at motor pressures of the order of
300 psi. The equation for the erosion rate line shown in Figure 23 is

Erosion Rate, mil/sec = 9 X 10°2 (p_-300)
for Pc in psi.

One firing, PYE-1, was made with a different propellant formulation
of 6500°F flame temperature. Although the ingredients used in this propellant
were different, both the flame temperature and the oxidation ratio were the
same. The lack of any significant change in erosion rate substantiates the
postulate that the propeilant flame temperature and oxidation ratio are the
significant characteristics which determine the severity of a propellant

environment towards pyrolytic graphite.

In three tests performed in the series with the 6500°F propellant,
partial or complete nozzle failures occurred which should be commented upon.
In firing PYB-1 the pyrolytic graphite coating was lost in about nine seconds.
Prior to the loss of the coating the motor burned at an abnormally high
pressure level; this excessive pressure undoubtedly contributed to the coating
failure. A rather poor joint upstream of the contoured nozzle test piece may
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also have contributed to this failure. This initial test with this propellant
was the only coating failure experienced with the segmented nozzle design.

Two tests, PYB-4 and PYB-5, were made with fully coltcd; one~piece
nozzles. These one-piece nozzles were prepared early in the firing program
as & hedge against the problem of failure in the molded graphite entrance
section of the segmented nozzles. In test PYB-4, the pyrolytic graphite
coating was eroded through in the 66.2 second firing duration. The average
erosion rate of 0.65 mil/sec was naturally greater than that to be expected
from the coating alone because of the rapid erosion of the unprotected
substrate toward the end of firing. However, even the erosion rate of 0.52
mil/sec based on removing just the coating appears higher than anticipated
for the moderate average pressure in the motor chamber during this test
(468 psi). Thus, the quality of this coating remains suspect with the proba-~
bility that some spalling, rather than uniform erosion, of the coating occurred
during firing. The erosion rate for this test thus lies above the line in
Figure 23 which represents coatings of good performance. During firing PYB-5,
the backing material failed locally and produced a gouge in the nozzle which
introduced some uncertainty in the calculated erosion rate. Assuming that the
minor diameter of the fired nozzle (approximately 90° from the gouged area)
represents the basic erosion pattern for this test, an erosion rate of 0.36
mil/sec was calculated. The average chamber pressure during the test also is
somewhat uncertain because of an instrumentation difficulty. The average was
calculated from ballistic considerations with the uncertainty being at most
t 50 psi. This point fits with the remaining data and is in close agreement
with firing PYB-10.

3., Firings with 6000°F Propellant

Motor tests of pyrolytic graphite nozzles were made with two
different 6000°F propellants. One formulation had an oxidation ratio of 1.00
while the other had an oxidation ratio of 1.20. Three firings were made with
the low oxidation ratio formulation. In PYD-1 a standard 2000°C coating showed
no erosion at 642 psi average pressure. In motor tests PYD-2 and FYD-3 pyrolytic
graphite coatings prepared at a substrate temperature of 1700°C on ATJ and AUC
grade graphites, respactively, were tested at about 600 psi motor pressure. The
low erosion rates observed for these lower temperature coatings (about 0.1 mil/sec)
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indicated that in this propellant environment such coatings could perform
well; this contrasts with the poor serviceability of the 1700°C coating noted
in firing PYB-6 with the 6500°F propellant.

The remainder of the motor tests with 6000°F propeilant were made i
with the high oxidation ratio formulation. It appears likely that practical
propellants of high performance will be oxidizer-rich so that this more severe

environment was a realistic choice for the critical evaluation of the capabilities
of pyrolytic graphite. In addition to the three firings mentioned above with

the low oxidation ratio formulation, six motor firings were made with nominal (
one-half inch nozzles with the high oxidation-ratio formulation. The data from
these motor tests are included in Table VIII. The two firings using one-inch

Nt

nozzles were also made with this high oxidation-ratio, 6000°F propellant. Data
from these tests are included in Table VIII but the discussion of the results (

of the larger nozzle firings is contained in a later section of this report.

It can be seen from the results of the nozzle tests that pyrolytic g
graphite coatings show excellent serviceability under severe motor operating
conditions with the 6000°F propellant. The erosion rate correlation with
motor pressure shown in Figure 23 for this propellant is defined by the
following equation:

Erosion Rate, mil/sec = 9 X 10'4 (Pc-620)

The motor pressure, Pc, is expressed in psi. A material which shows negligible
erosion in firings with this propellant up to 600 psi motor pressure is an
outstanding candidate for uncooled nozzle service. No monolithic commercial
graphite, even those of very high density, has been found which even approaches

this level of performance.

4. Effect of Coating Thickness on Erosion Rate

Throughout this program the selection of pyrolytic graphite coating

thickness was made on the prcmise that the lowest thickness which could provide
full-duration protection of the substrate would be the best choice. Unnecessarily "

w

thick coatings increase the opportunity for delamination to occur and permit -
higher surface temperature during service. However, since some additional

csating thickness in excess of the anticipated total radial erosion must be .
used to prcvide a reasonable margin of safety, a series of four nozzle tests

was made to investigate the effect of coating thickness on erosion rate. Two .l
tests (PYC-3 and PYC-4) were made with the 6000°F, high oxidation ratio propellant
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and two tegts (PYB-10 and PYB~11) were made with the 6500°F propellant. The
erosion data reported in Table VIII indicate no significant difference in the
erosion rate between the nominal 25 mil coatings (the standard value used for

the majority of the tests) and the 40-50 mil coatings. Slightly higher erosion

rates were found for the two thicker coatings and this is certainly the direction

of any anticipated effect since the surface temperature would be higher for the
thicker coatings.

5. Temperature Measurements from Nozzle Tests

Temperature-time histories were measured at the back of the coated
throat section of the segmented nozzles during the four motor firings made to
study the effect of coating thickness.
to provide data up to 2500°F.

Chromel-alumel thermocouples were used
The data from each test are shown in Figure 26,
The typical configuration of the nozzle assembly is also shown in Figure 26.

Each nozzle was of the same size and was insulated from the steel housing with

a machined carbon sleeve. This arrangement reduces the heat sink effect of the

steel housing and allows the exposed nozzle surface to rapidly heat to a
realistically high temperature.

TR e————y ©m e Y BT S e e
f~ pumst et uw (ux (U0 N GHN NN BN DMN BB OB

No attempt was made to measure temperatures
at the coating itself since such an attempt might seriously compromise the

serviceability of the coating. The location at the back of the coated section

where temperature data were taken probably represents about the average tempera-

ture in the substrate which is protected by the pyrolytic graphite surface coating.

The decrease in the rate of temperature rise in nozzles with a nominal
50 mil coating compared to nozzles with a nominal 25 mil coating is apparent

for both the 6000°F and 6500°F propellant firings. Also, the more rapid
temperature rise anticipated with the hotter propellant is well documented.

The low thermal conductivity of the pyrolytic graphite coating is responsible

for the substantial time required to reach 2500°F in the nozzle substrate material.
The surface temperature of a nozzle coated with such an insulating material

approaches the gas temperature very rapidly, however.

i 1
N . 1

It is possible to calculate
! the surface temperature of a coated nozzle, even though the direct measurement

of this temperature was not attempted. The surface temperature was calculated

: using a simplified analysis of the heat transfer in the nozzle under conditions

| } similar to those of firing PYC-4; the calculated curve is included in Figure 26,
Within about 5 seconds the surface temperature is calculated to rise to within

: ? a few hundred degrees of the gas temperature (local free stream temperature of

$ about 5600°F for this propellant). The insulating characteristics of pyrolytic
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graphite causes the surface temperature to exceed that reached by a more
conductive heat sink nozzle. In spite of this higher suiface temperature,
pyrolytic graphite is more erosion resistant than the other forms of graphite,

6. One-Inch Diameter Nozzle Tests

As a beginning in the scale-up of pyrolytic graphite nozzles two highly
successful firings were made with one inch diameter nozzles. These tests were
made with the 6000°F propellant formulated with an oxidation ratio of 1.20. This
propellant was selected because it provides severe test conditions characteristic
of many advanced rocket motor designs. The use of an oxidizer-rich formulation
assured that the oxidation sensitivity of pyrolytic graphite was critically

evaluated.

The nozzles tested consisted of a three-piece segmented design. The
section coated with the standard (2000°C) pyrolytic graphite extended upstream
from the throat to the point where the area was twice that of the throat.

The entrance and exit segments of the nozzle were machined from high density
(Grade ZTA) molded graphite. The conditions and results of each firing test
are included in Table VIII.

In the first test (PYC-7) an erosion rate of 0.54 mil/sec was measured
at an average motor pressure of 1167 psi and a firing duration of 23.9 seconds.
The erosion rate predicted from sub-scale tests with one-half inch nozzles is
0.49 mil/sec which is in excellent agreement with the observed value. This
test actually represents an extrapolation to a higher motor pressure than with
the smaller nozzles and was a very severe test indeed. The excellent performance
of the pyrolytic graphite was obtained in spite of substantial erosion of the
inlet section of high density graphite which exposed the entire leading edge of
the coating during the firing.

In the second test (PYC-8) an average motor pressure of 829 psi
was achieved for a firing duration of 55.7 seconds. This pressure level is more
representative of common design practice. The measured erosion rate of the
pyrolytic graphite nozzle was 0.42 mil/sec. This is good performance although
the predicted erosion rate from sub-scale tests would be only about half this
value. The erosion of the entrance high density graphite section was cxcessive
in this test with the entire cross-section of the coated throat piece being
exposed at the end of firing. Coating damage progressed some distance from the
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upstream edge but did not reach the throat region, It is clear that the ZTA
molded graphite at the inlet end was inadequate for the conditions of this long
duration firing. Turbulence caused by the eroded entrance section probably
caused increased erosion of the coating. The fact that the coating survived
under this adverse condition is significant. The photograph of this nozzle
after test, shown in Figure 27 clearly shows the erosion of the high density
graphite entrance cap and the limited damage to the pyrolytic graphite coating
at the converging section. The entrance cap should be improved for further
larger scale tests but the fact that a pyrolytic graphite coating can sirvive

severe edge exposure adds assurance that satisfactory scale-up is possible.

D. DESIGN OF TWO-INCH DIAMETER NOZZLE

The successful firing of two nozzles of one inch diameter proved the
capability of pyrolytic graphite to perform satisfactorily at that size level.
The next objective then became the further scale-up to demonstrate serviceability
at two inch nozzle diameter. Even though no funds were available for motor tests,

it was agreed that preliminary nozzle design work should be carried out.

Several segmented designs were considered for the two-inch nozzle.
It was apparent that an improvement in the quality of the material in the entrance
cap would be required if reliable performance of a pyrolytic graphite insert was
to be assured. Several approaches are apparent, but no firm decision was made
on the entrance cap since test firings were not of immediate concern. Rather,
the coated insert contour was selected and suitable substrate pieces designed.
A good quality coating prepared on a two inch diameter nozzle is shown in
Figure 28.
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Figure 28. Pyrolytic Graphite Coated Segment
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VI. MECHANICAL DESIGN ANALYSES

In the early portion of this program, the effect of elastic anisotropy
(i.e., two different moduli of elasticity, one perpendicular and one parallel
to the surface) on the maximum stress in a cylinder under axisymmetric load was
estimated. This analysis indicated that for a modulus ratio of 1.6 about a
30 per cent augmentation in the maximum stress occurred. Further consideration
indicated that the assumptions of this analysis were very restrictive and that,
indeed, for a thin, free-standing shell of an anisotropic material, no increased
stress would occur, Since this would not be true for a thick shell or for a
supported shell of an anisotropic material, it appeared advantageous to derive

more exact stress analyses for pyrolytic graphite shells.

An acceptable mechanical design for a pyrolytic graphite nozzle
must be one in which the stresses in the nozzle do not exceed the strength of
the materials. The stresses which appear in a pyrolytic graphite structure may

be categorized into three groups as follows:

(1) Residual stresses produced in manufacture,

(2) Pressurization stresses produced in service, and

(3) Thermal stresses in service produced by transient

temperature gradients.

The stresses in (1) above arise because of the unequal thermal contraction
of pyrolytic graphite in its a-direction and c-direction during cooling from
the deposition temperature and from mismatch of expansion coefficients between
the substrate and coating. The calculation of these stresses is complicated
by the elastic anisotropy of the material. The residual stresses from manu-
facture for a pyrolytic graphite coating on a substrate will be different from
those in a free-standing shell of pyrolytic graphite, but the stresses will not
vanish in either case. The stresses in groups (2) and (3) are caused by using
the material in a rocket motor environment. The stresses in group (3) can be
significant since the low thermal conductivity of pyrolytic graphite in its
c-direction leads to very large thermal gradients across the thickness of the

pyrolytic graphite shell,
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A. STRESS-STRAIN RELATIONS FOR PYROLYTIC GRAPHITE

In the following mathematical. analysis, the general stress-strain
relations for a material which exhibits the particular form of anisotropy
found in pyrolytic graphite are derived. S8implifying assumptions are
avoided so that general applicability can be maintained. In later sectionms,
the more tractable cases of simplified form are considered to derive
practical conclusions within the limited scope of the analysis phase of
this progrem. However, the derivations in this section appear to be of
sufficient importance as background to be included here.

Pyrolytic graphite, which exhibits a limited form of anisotropy,
is better described as a "transversely isotropic" material, i.e., all
directions parallel to the deposit plane are elastically equivalent. It
can be shown .:hat the energy stored per unit volume of such a material
is given in terms of the local strains by an expression involving five
independent constants. Taking a rectangular coordinate system with the
y-axis perpendicular to the deposit plant, this "strain-energy function"
may be written as

c c

11 2 2 22 2
W= 3 (ex + e, ) + 2 ey + clz (ex ey + cy ‘z)
c c.,-¢C
44 2 2 11 13 2
+ c13 €t (’ky + Tye ) + 4 Yex (1)

where the C's are constants, the €'s are normal strains, and the y's are
shear strains. The nomenclature is standard engineering notation such as that
“described by Timoshenko. The stress-strain relations for such & material
may be found from (1) by partial differentiation:

gg; =0, = Cnex + ch‘y + cnez (2.1)
ge"_y = 0y = Cip€x *+ Cpofy + G125, (2.2)
gg: =0, = Cwex + Clzey + cuel (2.3)
%",'—xy "t " (2.4)
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g’yz " Tye ™ chh’yz (2.5)
¥, Su”G3
57zx " Tex 2 L™ (2.6)

where the ¢g's are normal stresses and the T's are shear stresses.

The strain-stress relitionn may also be written in terms of
seven "enginzering' elastic moduli:

U S
‘x E, x B, cy E, cz . (3'1)
v v
- 2 1 - -2
€ : o + g, o i % (3.2)
V v .
xeodg -t 1
‘: E, 9% E, ay * E, % (3.3)
., .
Ty = T | (3.4)
vz * %, (3.5)
‘zx
Tex "G (3.6)

vhere the v's are Poisson’s ratios, the E's are Young's moduli, and the
G's are moduli of rigidity. The subscript # refers to the plane parallel
to the coating surface (a-direction in pyrolytic graphite terminology);
the subscript.L refers to the axis perpendicular to the coating surface
(c-direction). Only five of the engineering moduli are independent,
since it can be deduced from the equations (2) that

v v

1 2
— . =E 4.1
E, E, (b.1)

Ey, {(k.2)
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The engineering moduli are given in terms of the C's by the relations

E, = (€, - 013) 1 +—3-""3-——-lc - —= ) (5.1)
11°22 ~ “12
¢, 2
B, =C,, -2 (5.2)
L " Y22 € * 615
c
12
vy = (5.3)
1 c11 + 613
v €15(Cyy - €413) (5.)
2 €1 - Cyp
: 2
v o 23%2 " G .
3 2
110 = €12 (5.5)
cn "%
6, = =52 (5-6)
G, = Cy, (5.7)
The C's are given in terms of the engineering moduli by
E, 1- vy
Co. = l2 _ (6.1)
11 1+ v3 1l - 2v1v2 v
v,k
1°n
c " (6-2)
12 1 - 2v1v2 - u3
B v,V + ¥V
n 12" "3
Cy, = -2 (6.3)
B3 T+vy T-2v¥, -V
v, (L-v))E
c 1 3’ h (6.%)

22 v, (1-2vlv2 - v3)
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Cop = Gy (6.5)

The condition that the strain-energy function (1) must always be
positive or zero leads to a set of inequalities which must be satisfied

by the C's:
C, &0 (7.1)
Cjy ECp3 B-Cy (7-2)
Cap(Cyy + C13) - 2)," %0 (7.3)
Cy, X0 (7.4)

The corresponding inequalities for the engineering modul are

E, %0 (6.1)
E 20 (8.2)
G, %0 (8.3)
G &0 (8.4)
lav,2-1 (8.5)
L-2vv, - v, 20 (8.6)

If thermal expansion effects are important, the equations (3) must
be rewritten as

. v v :
= —x - -—1 - 3 .
€ 5, i oy -38" o, + L"('r) (9.1)
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c Y2 % ¥
y ™ £, o, + B, T o, +A, (1) (9.2)
v v o
€, =- Eﬁ o, - Ei o, + Eﬁ + A, (T) (9.3)
h g
Tay * 51 _ (9:4)
T
ye = G (9.5)
T
ux ™ 5ﬁ5 (9.6)
T
vhere A (T) = [ a, (T) d1, (10.1)
(]
T
A, (1) = [ a, (1) dr. (10.2)
o

Here @, and @, are the thermal expansion coefficients of the material
in directions respectively parallel to, and perpendicular to the deposit

plane.

In the case of pyrolytic graphite, "To" must be interpreted as
a temperature at which the material is free of internal thermal stresses,

e.g. the deposition temperature.

When the equations (3) are similarly modified to include the

effects of thermal expansion, the results are

o, =Cp € * c12€y + Cl3€z - B (1) (11.1)
o, = C1o€, = 022€y + €y €, = B, (1) (11.2)
g, = °13‘x + Cl2€y +C€, - B (1) (11.3)
Txy = chh7xy (11.4)
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Tyz " chh’yz
C,, - ¢C
o w-ll__13

ZX 2 7zx

vhere
B, (1) = (cn + 013) A, (1) + Cyo AJ_('r)

B, (1) = 26,5 Ay (1) + Cp Ay (1)

B. STRESSES IN A HOLLOW CYLINDER OF PYROLYTIC GRAPHITE

(11.5)

(11.6)

(12.1)

(12.2)

The stress-strain relations derived above (Equations 11)
must be converted to the cylindrical coordinate system (r, 8, z).
Since pyrolytic graphite coatings form with the layer planes (a-direction)
parallel to the substrate surface, the axis of elastic symmetry (c-

direction) of the pyrolytic graphite is radially directed.

cal coordinates the equations (11) become:

g = C11% + 108, * c13sz - B, (1)

O = Cpa€g + Cppf, *+ €€, - B, (T)

9, = C13% * Crof * C11%; - By (T)

"o " chh7r9

Tz ™ chh7rz

€11 " C13
L - 7
0z 2 oz

In cylindri-

(13.1)
(13.2)
(13.3)
(13.4)
(13.5)

(13.6)

The cylinder is assumed to be of finte length 2L; the ends

at z = £ L are free to move.

We will consider those atresses which arise from pressurisza~
tion, unequal thermal expansion coefficients, and radial temperature
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gradients. In all these cases the elastic deformstion is axisymmetric,
and the shearing strains 7va, 76z vanish. Prom (13.4) and (13.6), the

shearing stresses Tre and 19: must vanish also.

The equations of elastic equilibrium reduce to

oo 14 ¢

T re r "%

3 +‘$—+

u 0

oT S0 T
Fotset o

(14.1)

(14.2)

Now let u, v, W be the displacements of the strained elastic material

parallel to the r, 9, and Z axes, respectively. Because of the axisym-

metric nature of this problem, v = 0. The strains €. €& €, 7., ATC

connected with the displacements u, W, by the equations

"ﬂi
[ ]
N

m
)

n
nlc

My

o M
Tee ® 52 * 5

(15.1)
(15.2)
(15.3)

(15.4)

By using the stress-strain equations (13), the stresses can

be expressed in terms of the displacements as

u du ow
%= Ci1r *C1a 5 * 1395z - B (F)

c

u du MW _
% = Cip 3 *Can gy * C125z - B2 (¥)

u oW
°z‘°13?*cleg?*°11é—z"’1 (r)

(16.1)

(16.2)

(16.3)

[
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. °w. 3_) (16.4)

(Here Bl(r) and B (r) have been written instead of B,({1(r)] and
2[T(r)l ) Putting these relations into the equilibrium equations (14),

we find
2y, 1 du 2 &
Coo ('a';é ?ﬁ) aa+(°12*°hh)g?$'
1w B-8 3
+(cpr c13);5;- = +&_g (17.1)
and
2
du 1du .1
(Crp* ) 5+ Crz* ) £ & +°uu(;;é*;§§")
2" .
+clla_2-=° (17.2)
oz
We must solve the equations (17.1) and (17.2) with the boundary
conditions

g =P T =0 at r=R

T i’ ‘rz i
qr = Po, th =0 at re= RO
g = 7T = 0 at z=tL

z rz

Here P1 and Po are the inside and outaside pressures and R1 and Ro
are the inside and outside radii, respectively.

The solution u(r,z), W(r,z) of the equations (17), (18)
can be made to depend on the solutions of two l}mpler problems:

Problem "A" . -
Solve the equations (17) in an infinitely long cylinder with

the boundary conditions o, =P, T =0 at ra= R, (19.1)
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o =P, T, =0 atr=R (19.2)

R
and subject to the restriction that [ ° o rdr =0 (19.3)

i

Denote the displacements and stresses obtained by the subscript "A",

i.e. Uy WA, °r , etc,
A

Problem "B"
Solve the equations (17), without the thermal stress terms

which appear on the right hand side of (17.1), in a semi-infinite cylin-
der with the boundary conditions Op = Tpg ™ O at r=R

L (20.1)
0 =% ,=0 at r=R (20.2)
g, = F(r), T, =C6(r)atz=0 (20.3)

The function F(r), which gives the distribution of normal
forces over the end of the cylinder, is subject to the condition that

R
o
[F(r) rdr = 0, 1i.e. these forces must (20.4)
i

be self-equilibrating. In obtaining the stresses ¢,, Opr Ty 1" omit

the thermal stress terms BI(T)’ 82('1') in (16.1), (16.2), (16.3).
Denote the displacements and stresses obtained by the subscript "B".

1f both problems "A" and "B" have been solved, the solution
u, W of the original problem (17), (18) may be obtained as follows:

Apply the formulae for problem "B" with F(r) = - g, 6(r) =

0. Call the resulting displacements and stresses 1Yp’ 1"5' 1%

B’ ete.

Apply the formulae for problem "B" with F(r) = - [10: ]z - 21
Lo B

6(r) = - [ll‘nB j¢ = 2L, Call the resulting displacements and stresses
oUp 2"8' 20:8' etc.
- £2 ~

f .
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Apply the formulae for problem "B" with F(r) a - [20 J .
*3ls = 2L

6(r) = - l21r J Call the resulting displacements and stresses
z
BJeg = 2L.
3¥p 3¥p Fry. ete.
And so forth - - -
The solution of the original problem can now be written as
uw uA(r) + 1uB(r, L-2)+ aun(r, Lez)+..
+ 1uB(t, L+z)+ 2uB(r, L+z)+ (21.1)
W= WA(rIZ) + 1wB(r, L-2)+ 2W8(r, L-z)+. ..
+ 1WB(r, L f z) + 2wB(r, L+z)+. .. (21.2)
g, = orA(r) + 9, (r, L -2z) + Oy (r, L=-2z)4+ ...
B
+ 1arB(r, L+z)+ 2orB(r, L+2z)+ ... (21.3)

and so forth .....

The series (21) should converge rapidly if the ratio Ro-R

L
of the cylinder wall thickness to the cylinder half-length is small.

i

A similar image superposition procedure will reduce any
problem involving single or composite elastic solids of revolution to
a problem of type "A", dealing with the response of an infinite solid to
pressurization and thermal stresses, and problems of type "B", dealing
with the response of a semi-infinite solid to self-equilibriating nor-

mal stresses and tractions applied to the end surface.

It should be noted that the equations (17) can be used to

calculate transient thermal stresses only if the elastic constants

- £3 =
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cll' cla. c13' 022. chh are independent of temperature for the temperature

range being considered. If this is not the case, additional terms

appear in the equations (17). lhe reduction to problems of the types

A" and "B" can still be carried out, but the type "B" equations are no

longer free of thermal stress terms.

We will now consider the problem "A" for a hollow cylinder
of transversely isctropic msterial, making the assumption that the
elastic constants are independent of temperature:

Since the cylinder is infinitely long,

¥, g e e, :
&Eua—z--gz-no, ‘l’rzuyrz-o, ‘ndaﬁnst—-nﬁno,

Moreover, the cylinder is in a state of constant axial strain; i.e,

e « X

- .
t" 3" K (a constant), and 3 0. (These results hold for multi

layer, composite cylinders also.)

The second equilibrium equation (17.2) is satisfied identi-

cally, The first equilibrium equation (17.1) reduces to

932 Lldu Ell.‘_li - By(r) - B,(r) - K (C), - c13)+_1_-:1;Z
a2 Tdr Gy €ya® Cpp 9
(22.1)

Using the relations (16), the boundary conditions (19.1), (19.2)
reduce to

u du - -
o. = c12 Ri + 022 @t clzx Bz (Ri) = Pi at r Ri (22.2)
u du - - .
o, = c12 Ro + c22 ot CIZK B2 (Ro) ?o at r = Ro (22.3)

Finally, the condition (19.3) becomes

- 84 =

. .
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R
dovec [
1ozrdt = \41 [013 % + °12 %% + °11K - 31 (ri] rdr = 0 (22.4)

This last condition (22.4) will determine the constant K. The general
solution of the equation (22.1) is of the form

C - C
U= 013 -~ c12 Kr » A1r7 + Azr'7
22 11
y r r [ R,(r) - B.(r) dB
g 4 Ir-l-b r [ 2 s 2|7 arar. (23)
o r r
22 Ry
i
1
vhere A; and A, are arbitrary constants, and y = E==. (264)
22

We will consider only the case in which the cylinder is at
a uniform temperature. The generdl solution of (22,1) is then

C,, - C B, -
u = Eié—:—alg Kv + cz pur A1r7 + Azr.7. (25)
22 11 22 11

then this expression is substituted into the boundary condi-
tions (22.2), (22.3) and into the equilibrium condition (22.4), three
simultaneous equations are found which must be solved for the three

unknowns K, A_, Az. These equations may be written as

1
F K+ F A + B A) = G (26.1)
FZIK + FZZAL + F23A2 u G2 (26.2)
Fy K + Fph) + Fysh, = Gy (26.3)
e P € M I (27.1)
n= 2 tE,Te, 2 e
F.. = (C,, + 7C..) R} (27.2)
12 12 7 727 By
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- -7-1
Flq = (C), 7Cy;) Ry

+ C
12* G
G, =P, +B, - (B, » B,)
1* Rt e, e, P2t h
C,.-C
13~ C12
F = C + ——— (c + C )
21" %2*¢, ¢, 12t
-1
Faa = (Cpp * 7Cyp) Ry
P, = (Cio - ¢y R -7 1
23 127 74220 %
[ + C
12 * C22
G, =P +D, - - (B, - B,)
2% *P g, e, P27 h
°132 - °122 R? - Riz
Fa- *Ch 2
31\ Gy - Gy

R 1+ R 1+
o i

Fip = (G5 + 7C)5)

1 +7
Rol - 7. Ril -7
F33 = (C)3 - 7€) T
2 .2
n -
6 als, -2 %3 g e
3P 5, e, P2 M 7

(27.3)

(27.4)

(27.5)

(27.6)

(27.7)

(27.8)

(27.9)

(27.10)

(27.11)

(27.12)

Substitution of the solutions K, Al' Az of the equations

(26) into (25) éives the final expression for the radial displacement

u. The stresses in the cylinder can then be found from the equations

(16):

. r-1 R
O, = F)R + Py = Gy + (Cpy +7%y,) A + (G2

N

-1

- 4 -
gg = FIIK + Pi 61 + (c11 + 7012) Alr + (c11
0 = S (F.,K - G,) + (C,, + 7C.,) A " ]

t . 2 R 2 Y31 3 13 127 71
o i

. -7
+ (c13 7012) Azr

- £6 -

7c22) Azr- 7-1
(28)
7012) Azr- r-1
(29)
(30)
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The stresses in a cylinder of finite length will consist of
"Problem A" stresses in the ceater such as those calculated from equations
(28), (29), and (30), plus the addicional stresses of the "Problem B"
type near the ends of the cylinder. Imn particular, the shearing stress
Trz is zero in the center portion of such a cylinder, but may become quite
iarge near the cylinder ends. This fact has led to the conclusion that
pyrolytic graphite coatings may fail near their edges. However, the
rigorous evaluation of this effect depends on the development of methods
for the solution of problems of the type "B", which are mathematically
more difficult than those of type "A", Such a rigorous treatment was
beyond the scope of this program, but the effect of nozzle gection length
on the edge stresses was of such importance as to merit further study,
as outlined in the following section.

C.  EFFECT OF LENGTH ON SHEAR STRESSES

Since the exact treatment of even an idealized (and simplified)

composite system having the actual nozzle contour was beyond the scope

of this program, a simple, logical model was examined to determine the
manner in which the shearing stresses at the coating-substrate interface
can be expected to vary within coated nozzles of various lengths., An
axial rocket nozzle coated with pyrolytic graphite can be considered,

for some purposes, as a thick composite two-component bar in which shear
deformation (but no bending) is caused by the difference between the
thermal expansion coefficients of the component materials. A simple
approximate theory gives a reasonable picture of the distribution of

interface shearing stresses in such a composite bar.

Let the composite bar have the length 2L. Let the component

bars have cross-secilion areas A1 and A2, elastic moduli El

thermal expansion coefficients Q@ and Gy respectively. Let the surface

and Ez, and

of contact between the two components have the width S.

The composite bar is free of stresses at the temperature T = O.
At other temperatures, differential thermal expansion causes initially
plane cross-sections to become warped. Let us set up a coordinate system

(x, y, z) with the x-axis parallel to the main axis of the composite bar

- §7 -
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with the origin at the center of the bar. Let u, v, w, be displacements
pirhllel to the x, y, and z axes, respectively. We will assume that the
deformation of the composite bar can be described adequately by u = U

(x) +D(x) - F(y, 2); vaw w0, Here, U (x) is a displacement parallel
to the main axis of the composite bar and uniform over each cross-section
of the bar; D (x) F (y, ) is a shearing distortion with an amplitude D (x)
which varies along the length of the bar.

A mean interface shearing stress T acts across the surface of

" contact between the two components. T will be proportional to D (x);

Tak D (x), (31)

where KT is a coefficient which depends on the distortion function F

Cy, z). For component bar number 1, we define a 'mean elongation"

- D U
€ = Kl g; + %; (32)

(see Figure 29). Here the coefficient Kl is chosen so that the "stress-
strain" relation

o) = El 61 - El al T (33)
is valid. (&1 is the mean normal stress over the cross-section area, Al.)

Similarly, we write

E, = K, %2‘ + g% (34)
and
;2 = E, Ez -B,q, T (35)

for component bar number 2.

1f we consider the translational equilibrium in the x-direction

of small sections of the component bars (Figure 30), we find

Frisiao (36.1)
ox

A

3% -
A 2 -8
25

A
n
o

(36.2)

-y

v

e
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U + ™ ax D o dx
J
COMPONENT BAR #1 -/ /
p A p4

COMPONENT BAR #2

dx

Figure 29, ELONGATION IN A COMPOSITE BAR (MODEL)

- aal
— 5A, COMPONENT #1 (5 + 55 ax) A, —
S7 dx —=
-— S7 dx
X ' 2, |
—0, A, COMPONENT #2 (5+ 5 ax) A, —
dx

Figure 30. EQUILIBRIUM DIAGRAM FOR COMPOSITE BAR (MODEL)
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Finally, since the ends of the composite bar are free, we have

01-;2-0 at x = 2 L. (37)

It can easily be verified that the solution of Equations (31) -

(37) 1s
= (o, ~ay) T
D(x) .L_...Z___l_ _sinh px - (38)
K K, - K y cosh L
T 2 1
) = @)t VK VoK s V%2 VR
Kz - 1(1 Vi + VY, y cosh L SIRAL)
. = -y (a2 3 al) T cosh yx + V1B + V4 T (40.1)
1 1 Vit VY, cosh L Vit VY,
e v, W o N% VM (40.2)
2 2 Vi + Yy cosh yL Vit VY,
- BV @t (1 _ cosh_yx (1.1
% Vi + Y, cosh L '
- Bpvg @y -a))T (1 _ cosh 7x (41.2)
92 Ve + Yy cosh L )
where
72 . V1 + ‘V2
KZ - K
v . 8K1
1 Al El
vV, = s
2 Az Ez
- 90 -

el

. Iy
e oy

P




P W SR S 5

ey oaN Gk AN g GEN Ee  smm e

o R R

[ |

-«

Py~
n 2

el oD

- —

ATLANTIC RESEARCH CORPORATICN

ALEXANDRIA,VIRGINIA

y (K, - K,)
Zf 1 T 1is of particular

The dimensionless mean interface shear x1 012 - al) T

interest. In Figure 12, this quantity is plotted against dimensionless
distance, yx, from the bar center for various values of the dimensionless
bar half-length, yL. The sign of T is reversed for negative x. The dotted
line is a plot of the maximum interface shear against the bar half-length,

Thus, according to this approximate theory, the maximum interface
shear in a composite rocket nozzle will increase with increasing nozzle
length, but will become essentially constant for sufficiently long nozzles
(L > 3/2). For short nozzles, T will be proportional to distance from
the nozzle center; for long nozzles, T will be very small in the center

portion of the nozzle, but will rise exponentially as the nozzle ends are
approacher.

This analysis, along with considerable experimental evidence,
indicates that a segmented nozzle design in which the throat section of
pyrolytic graphite is relatively short should improve the reliability and
serviceability of pyrolytic graphite coatings in nozzle service. The
segmented nozzle concept was adopted as the standard design for the motor
firings in this study. Furthermore, the scale-vp effort proposed for
later in this program will also be based on the use of segmented nozzles.
Short coated sections will also decrease the effect of nozzle curvature,
which, while not analyzed mathematically, might further accentuate edge

stress concentrations.

- 9] -



PN M e e P o T T e T T [ UITRE M
4 A i . e . ' + * . ’ . . 1 i ' . -

*SHVE ILISOdM0D HIONIT SNOI¥VA dOd
NOIINAINYISIA SSIULS HVIHS QILVINDTIVO "1t 3Indyy

\

|

ATLANTIC RESEARCH CORPORATION



T A

Lo, M AT

_._q . I' ' ‘ ~ -, w u - n - '~ m ! '

-
.

ATLANTIC RESEARCH CORPORATION
ALEXANDRIA,VIRGINIA

VII. SUMMARY

During the early portion of this program, the emphasis was placed
on the study of the deposition process for pyrolytic graphite., A deposition
technique using a cylindrical test substrate that could be sectioned for
sampling and study was selected. A series of deposition runs were made to
study the effect of substrate temperature, carbonaceous source gas type and
concentration, and the gas dynamics on the pyrolytic graphite formed.
Characterization methods used included crystalline parameter measurement by
X-ray diffraction, density ‘measurements, and extensive microscopic examination
of polished sections. The microstructure of the pyrolytic graphiteyrevealed
the most about the quality of the material. Large, primary cone microstructure
is generally associated with delamination cracks; a fine, regenerative micro-
structure is usually free of visible cracks. The X-ray measurements indicated
that pyrolytic graphite forms in a turbostratic crystal structure with an inter-
layer d-spacing of about 3.45 Z; the crystallite dimensions in the a-direction
and c-direction cover a range, but average about 120 R and 758 R, respectively.
Density measurement indicated that the porosity of pyrolytic graphite coatings
was very low., Under the conditions used in the basic process study, the rate
and uniformity of the coating deposition was affected by the gas dyramics and

the source gas concentration, and to a lesser extent, by the temperature.

The deposition process improvement study, which was pursued at a
moderate rate of effort, was carried out in support of the nozzle preparation
and testing work, and to seek methods of producing coatings of acceptable
quality at reduced deposition temperatures. The nature and finish of the
graphite substrate used was found to affect the surface finish of the coating,
but not to have any controlling influence on the microstructure of the pyrolytic
graphite deposit. Several substrate pretreatments were tested; a surface
sealing process based on furane resin impregnation appeafed to hold promise
for reducing the population of large, coarse cones in the coating. Further work
is needed to utilize this pretreatment in the preparation of low temperature
deposits.
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A careful study of the failure mechanisms in pyrolytic graphite
nozzles was made. Examination of a series of nozzles tested previousiy in
rocket motor firings indicated three distinct mechanisms of failure:

(1) massive delamination, (2) spalling failure, and (3) erosion by chemical
and mechanical means. The first two of these mechanisms can be eliminated

by skill and care in the production and use of the pyrolytic graphite, The
third mechanism of failure represents the true capabilities of the material on
which basis materials should be judged and compared. A segmented test nozzle
was designed in which the inherent capabilities of pyrolytic graphite could
be accurately measured in static firings of solid propellant motors.

The mechanical design and stress analysis work included the derivation

of the basic stress-strain relations for pyrolytic graphite, and the analysis

of the shear stresses in coated sections. The shear stresses in coated sections,

which reach a maximum near the edge, were found to be length dependent. Thus,
the utility of a segmented nozzle design in which the coated throat section
is kept short was demonstrated. Experimental evidence, from this program

and from others, bears out the usefulness of segmented nozzles.

In the motor firing test phase, the serviceability of a standard
(2000°C) pyrolytic graphite coating was determined for propellants with flame
temperatures of 5600°F, 6000°F, and 6500°F. Quantitative measurements of
nozzle erosion rates were made over a range of severe motor operating
conditions with sub-scale motors having a nominal 0.530 inch nozzle throat
diameter. In the 5600°F propellant, excellent performance was found with
erosion rates of the order of 0.1 mil/sec at motor pressures near 1000 psi.
Similarly, with two 6000°F propellants, the erosion rate of pyrolytic graphite
was negligible telow about 600 psi motor pressure and increased to about
0.4 mil/sec near 1000 psi motor pressure. In a series of motor firings with
the 6500°F propellant, erosion rate was also found to be a strong function of
motor pressure., At 300 psi, the erosion rate was negligible; this rate

increased with increasing pressure to about 0.5 mil/sec at about 900 psi.

-9 -
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VIII. CONCLUSIONS AND RECOMMENDATIONS

Of thé many refractory materials considered for nozzle service in
golid propellant rocket motors, none has greater appeal than graphite. Many
of the properties of graphite are nearly ideal for the high temperature
conditions characteristic of the uncooled nozzles used in solid propellant
motors. Pyrolytic graphite, which is a unique form of graphite, has been
shown to have excellent erosion resistance in solid propellant rocket nozzles.
The high density (essentially zero porosity) and the absence of binder phase
in this material are believed to explain its serviceability which is superior
to that of any other low density nozzle material known.

The sub-scale rocket motor tests carried out on a standard (2000°C)

grade of pyrolytic graphite coating prepared on this program have shown that

consistently good performance can be achieved with propellants with flame
temperatures from 5600°F to 6500°F. Increased motor pressure and increased
propellant flame temperature increase the erosion rate of pyrolytic graphite

more significantly than does increased oxidation potential of the propellant
within the range studied. Motor tests of pyrolytic graphite produced by commercial
vendors are in general agreement with data on our own coatings except that the
incidence of mechanical failure has been higher with vendor-coated nozzles.

Tests at other facilities also substantiate the erosion regsistance of pyrolytic

graphite coatings when mechenical failures are prevented.
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Adequate design is a necessity to utilize the inherent capabilities

|

of pyrolytic graphite. A segmented nozzle design has been adopted at Atlantic
Research and has proved very useful. In the past large scale nozzle tests of

}' pyrolytic graphite have been hampered by loss of coatings, but several successful
! tests do substantiate the serviceability of the material.

} , Scale-up efforts in this program included the successful test firing
of two one-inch diameter nozzles under severe operating conditions and the

design and preparation of a two-inch test nozzle. This work should be continued

o~

so that the orderly development of techniques to utilize the excellent properties
. of pyrolytic graphite can be achieved. Several firings with both one inch and

!_ two inch nozzles are recommended so that the consistent performance capabilities

}. 05 -
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of well-designed pyrolytic graphite nozzles can be proved. The successful
completion of such a series of test firings would provide the assurance needed "]
to approach full-scale nozzle design utilizing this exceptional nozzle material. i

pyr o
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